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THE AMINO ACID NEUROTRANSMITTERS; MECHANISMS OF THEIR UPTAKE
INTO SYNAPTIC VESICLES

Summary

In the present work it was shown that GABA and L-glutamate (later termed
glutamate) were taken up by a Mg2 * and ATP dependent mechanism into synaptic
vesicles isolated from rat brain. The vesicular uptake differed clearly from the
synaptosomal and glial cell uptake, both with respect to Na, Mg2  and ATP
dependency. The uptake of glutamate and GABA was inhibited by similar, but not
identical concentrations of different ionophores and by inhibitors of the Mg 2 

-

ATPase The uptake of glutamate was dependent on the presence of low concentra-
tions of Cl or Br in the incubation medium, whereas the uptake of GABA was not. In
addition the uptake of glutamate was more potently inhibited by blockers of C1
exchange than the uptake of GABA. The results indicate involvement of a Cl
exchanger in the uptake of glutamate. The regional distribution in the brain of the
uptake of GABA and glutamate was found to be different. The substrate specificity of
the uptake of GABA and glycine was similar, and the vesicular uptake of GABA and
glycine was competitively inhibited by different structure analogues. These results
support the concept that synaptic vesicles are important for storage of amino acids in
the nerve terminal. The mechanisms of the uptake of glutamate and GABA are
different, whereas the mechanisms of the uptake of GABA and glycine seems to be
similar.

I OBJECT OF INVESTIGATION

The object of the present stucty was to throw light on the mechanisms by which the amino acio
neurotransmitters are stored within the nerve terminal Preious studies by Naito and Ueda
(1983) have shown that glutamate is taken up by an isolated synaptic vesicle fraction. In the same
study, they did not find any uptake of y-aminobutyrate (GABA). It was therefore still an open
question at the start of this investigation if the neurotransmitter GABA was stored and released
from synaptic vesicles.

The investigation can be divided into three following parts (1) Investigation of whether GABA is
taken up into a synaptic vesicle fraction and if the vesicle uptake could be distinguished from the
plasma membrane uptake. (2) Characterization of the in vitro uptake of GABA and comparison to
the uptake of other neurotransmitters, in particular glutamate (3) The specificity of the uptake of
the transmitter amino acids into synaptic vesicles has been investigated by studying regional
distribution and inhibition of uptake.



10

The papers of the present thesis are listed below, and will be referred to in the text by their Roman
numerals.

Paper I
Fykse E M and Fonnum F (1988): Uptake of y aminobutyric acid by a synaptic vesicle fraction
isolated from rat brain, J Neurochem 50, 1237-1242.

Paper 11
Fykse E M, Christensen H- and Fonnum F (1989) Compar-ison of the properties of Y-aminoblityric
acid and L-glutamate uptake into synaptic vesicles isolated from rat brain, J Neurochem 5-2, 94e-
951

Paper 11I
Fykse E M and Fonnum F 0991): Transport of y-aminobutyrste and L-glutamate into synaptic
vesicles: Effect of different inhibitors on the vesicular uptake -.f neurotransmitters and on the
Mg2 *ATPase, fBiochemJ 276, 363-367.

Paper IV
Fykse E M and Fonnum F (1989)- Regional distribution of y-aminobutyrate and L-glutamate
uptake into synaptic vesicles isolated from rat brain, Neurosci Lett 99, 300-304.

Paper V
Christensen H, Fykse E M and Fonnurn F (1991)- Inhibition of y-aminobutyrate and glycine
uptake into synaptic vesicles, Eur J Ph- Mo 207,73-79.



2 INTRODUCTION

2.1 Historical background

The quanta, release of transmittecs and the identification of the ultrastructural and molecular
compounds have stimulated research groups or several decades. In 1950 and 1952 Fatt and Katz
showed that release of acetylcholine at the frog neuromuscular junction was quantal (Fatt and
Katz, 1950; 1952). This implies that discrete packages of acet*ycholine are released. The relea-:e of
single packages of acetylcholine from nerve endings can be rr )nitored as postsynaptic miniature
endplate potentials (m.e.p.p.s.). At the same time, electronmi-,oscopy had been developed to the

-degree that synaptic structures could be visualized in detail. Ner e endings were found to contain
a large number of sm i1 vesicles with a diameter of about 50 nm (Sj istrand, 1953; De Robertis and
Bennet, 1955).

Later, applicatio.i of libcellular fractionation techniques permitted the isolation of nerve endings
(Gray and Whittaker, 1962). It also became possible to isolate vesicles in a highly purified
preparation (De Robertis et al, 1963; Whittaker et al, 196,4, 1964), and to show that the vesicles
contained acetylctolhe. The purity of the preparation and particularly its content of the enzyme
choline acetyltra. .ri'rase (ChAT) (EC 2.3 1 6) was a controversy for reveral years (McCaman et a],
1965; Fonnum, 1967, 1968). Later studies on the electromotor nerve terminal from the electric
organ of Torpedo have contributed greatly to the development ol the vesicular field. The advantage
of the Torpedo electric organ is that it is purely cholinergic Synaptic vesicles isolated from the
electric organ of Torpedo are larger than ves' "les isolat,?d from other nerve terminals, (Whittaker,
1984) 90 nm ir stead of 50 nm in diameter The simplest explanation for quantal release of
transmitters would be the secretion of multimolecular packets of acetylcholine due to extrusion of
the vesicular contents into the synaptic cleft. This has been termed the vesicle hypothesis of
neurotransmitter release. The vesicle hypothesis has gained wide acceptance as a general
explanation of transmitter release (Zimmerman, 1979; Ceccarelli and Hurlbut, 1980).
Monoamines are present in high concentration in synaptic vesicles isolated from central and
peripheral neurons, and the vesich hypothesis has alsc been confirmed for these
neurotransmitters (Smith ar.d Winkler, 1972).

Despite the great acceptance of the vesicle hypothesis, a mechanisnm ,. acetylcholine release from
the cytosolic pool has been suggested IDunant, 1986) In this study it was suggested that the
transmitters stored in vesicles constitute a reserve pool. A protein termed mediatophore has beer,
isolated from the plasma membrane of Torpedo electric organ synaptosomes. After insertion into
artificial liposomes the mediatophcr- has been shown to mediate Ca

2
* dependent release of

acetylcholine (Israel et al, 1986). Recently, a protein subunit of the mediatophore has been
identified as a component of the synaptic vesicle proton pumping ATPase (Pirman et al, 1990).

2.2 Structure and function of synaptic vesicles

Synaptic vesicles have been isolated both from the electric organ of Torpedo, mammalian brain
and spinal cord, and from the myenteric plexus of the guinea pig ileum. A great deal of the
knowledge concerning the structure and function of synaptic vesicles has appeared from studies of
vesicles from the electric organ of Torpedo. The more limited data concerning the mammalian
brain synaptic vesicles may partly be due to the heterogeneity of the brain synapt;c vesicle
fractions, which probably consist of subpopulations of vesicles, each specific for different neuro
transmitters.

Cholinergic synaptic vesicles from the electric organ of Torpedo are not a homogeneous pool of
vesicles of the same size and density. Three subpopulations of cholinergic synaptic vesicles from
electric organ of Torpedo have been found; the VP 0 -, VP1 - and VP 2-vesicles (Zimmerman and
Whittaker, 1977). The VP 0-vesicles are ransported from the perikaryon to the terminal with fast
axonal transport (Kiene and Stadler, 1187; Stadler and Kiene, 1987). The VPo-vesicles have a
protein composition identical to that c, he ye. ides isolated from nerve terminals, but they do not
contain acetylcholine and ATP. In the erminal they accumulate acetylcholine and ATP and
become the VPI-vesgicles. On arrival of an action potential at the nerve terminal, the vesi-les
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undergo exocytosis. After release, the vesicle are recycled (Zimmerman and Denston, 1977a.
Zimmerman and Whittaker, 1977), and then they reaccumulate acetylcholine and ATP. The pool
of the recycling vesicles constitutes the VP.-vesicles. The VP 1 subpopulation of vesit les constitute
the resting and depot pool of vesicles. The VP 2-vesicles are smaller and denser than the VP1
vesicles due to storage of a smaller amount of acetylcholine and ATPj, and they are localized closer
to the nerve terminal than the VP1-vesicles (Zimmerman and Denston, 1977b; Giompress et al,
1981). The actively recycling VP2-vesicles probably contain most of the newly synthesized
acetylcholine and ATP (Zimmerman and Denston, 1977b; Zimmerman, 1978), and they are
thought to be responsible for the pieferential release of the newly synthesized transmitter
(Suszkiw et al, 1978) Stimulation if the electric organ increases the proportion of recyclinr vesic-
les (VP 2-type) in the total population of synaptic vesicles (Zimmerman and Densttn, 1977 a, bi

All neurons in the mammalian peripheral and central nervous system contain one or more distinct
population it vea'les. They differ in size, shape P'd electrondensity. Evidence collected from
biochemic .1 analysis of subeellular fractions, immunocytological examination and pharma-
cological experiments indicates that the small type of vesicles (45-55 nml from adrenergic and
ciolinergic nerve endings contains neurotransmitter and ATP (Fried et al, 1981; Zimmerman,
1982; Whittaker, 1986), but is devoid of neuropeptides. In addition to small vesicles, the choliner-
gic and noradrenergic terminals (varicosities) contain large vesicles measuring 80 to 12C nm in
diameter Analysis of particles isolated from peripheral and central nervous systems indicate that
the large vesicles are the main storage organelles for neuropeptides (von Euler, 1963; Lundberg et
al, 1981, Floor et al, 1982 Klein et al, 1982, Fried et al, 1985, 1986) T" e physiological importance
of these peptides probably varies with the tissue and animal species since there are g-eat
differences in numbt, and consequently in the storage capacity of 'he large vesicle population
(Klein and Thureson-Klein, 1984. Douglas et al, 1986) The large vesicles constitute about 5-10 %
of all vesicles in the terminal (Klein and Lagerkrantz, 1982).

Recently, new information has been gained concerning the structure and function of small
synaptic vesicles r-- .i mammalian brain Mammalian brain synaptic vesicles have now been
purified sufficiently to make identification, purification and characterization of the vesicle
proteins possible. Some proteins associated with mammalian brain vesicles will be discussed
briefly Figure I shows a model of a mammalian brain GABAergic synaptic vesicle.

Synapsin I
Synapsin I is one of t ist characterized synaptic vesicle-associated proteins (for review see
Nestler and Greengard. 36). Synapsin I has been found to be concentrated in nerve terrnals,
and under conditions of low ionic strength Synapsin I was associated with synaptic vesicles during
their isolation (Huttner et al, 1983). The protein has been purified, and represents about 6% of the
total protein present in highly purified vesicles (Huttner et al, 1983) In structure, the protein is
-longated and highly asymmetric. It contains a tail-region and a head-region. One serine residue
can be phosphorylated at the head-region, and two at the tail-region, all L, different protein
kinases (Huttner and Greengard, 1979; Huttner et al, 1981) Phosphorylation of the tail-region has
been shown to decrease the binding of synapsin I to the vesicles, and facilitate the release of
neurotransmitters. Phobphorylation may also alter the binding of Synapsin I to cytoske!ct.n
proteins (Nestler and Greengard, 1986).

Synaptophysin (p38 )
Synaptophysin has been identified independently by three different groups (Bock et al, 1974; Jahn
et al, 1985; Wiedenmann and Franke, 1985). The protein is an integral membrane protein. On the
basis of analysis of the amino acid sequence it has been proposed that synaptophysin spans the
vesicln membrane four times, with the amino and carboxy terminal located on the cytoplasmic
surface (Sfdhof et al, 1987). The cytoplasmic domain binds Ca2  and synaptophysin is reported to
be the major Ca2 ' binding protein of synaptic vesicles (Rehm et al, 1986). The cytoplasmic carboxy
tail undergoes tyrosine phosphorylation by tyrosine kinases (Barnekow et al, 1990). The purified
synaptophysin forms a hexameric structure and a voltage dependent ion channel when
incorporated in planar lipid bilayers (Thomas et al, 1988), and it nas been suggested that this
protein might be involved in exocytosis of synaptic vesicles during neurotransmission.
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Figure 1 A model of a mammalian brain GABAergic synoptic vesicle

A TPase
There are three main classes of ATPases named P-, F-and V-type ATPases The plasma membrane
(P-type) operates via a phosphoenzyme intermediate (e g. Na'/K *- ATPase) (Forgac and Chin,
1985) In the plasma membrane they have a major role in maintaining the ionic homeostasis of the
cell by controlled pumping of various cations across the cell membrane The eubacterial type (F-
type) is present in eubacteria, mitochondria and chloroplasts. Their main functions is to
phosphorylate ADP at the expense of a protonmotive force (Futai et al, 1989) The vacuolar proton
(V type) ATPase is present in a variety of intracellular membrane bound organelles, including
clathrin-coated vesicles (Forgac et al, 1983; Stone et al, 1983), endosomes (Galloway et al, 1983;
Yamasihro et al, 1983), Golgi-derived vesicles (Glickman et al, 1983; Zharg and Schneider, 1983)
and chromaffin granules rhe ATPase activity of chromaffin granules was discovered about three
decades ago (Kirshner, 1962). Later evidence has clearly shown that the chromaffin granule
ATPase is a proton pump responsible for generating the protonmotive force for catecholamine
uptake (Bashford et al, 1976, Casey et al., 1976; Flatmark and Ingebretsen, 1977, Holz, 1978;
Johnson et al, 1979) Whether all the vacuolar proton pumps in a cell are identical or belong to a
family of closely related proteins, and how the mechanisms by which the activities of these pumps
are regulated, are crucial but unanswered questions. One of the subunits, a proteolipid of 16 kDa,
has been identified as a part of the proton channel (Sun et al, 1987). It has some sequence
homology to the proton channel of the mitochondrial ATPase (Mandel et al, 1988), and they are
thought to share a common evolutionary origin. The ATPases are often characterized on the basis
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of their sensitivity to inhibitors, and the vacuolar Al'Pase is highly sensitive to N-etylmaleimide
(NEM), an alkylating agent. IL is insensitive to inhibitors of the plasma membrane ATPase, such
as vanadate and ouabain, and inhibitors of the mitochondrial ATPases, such as oligomycin and
azide (Pedersen and Cerafoli, 1987).

The Mg 2 ' activated 11 '-ATPase of synaptic vesicles generates a proton electrochemical gradient
(Stadlei and Tsukita, 1984; Cidon and Sihra, 1989) The ATPase is required for uptake of
neurotransmitters into synaptic vesicles. This will be discussed in more detail in the general
discussion. Recently, it has become clear that the vesicular Mg 2 ' -ATPase belongs to the class of
vacuolar ATPases (Maycox et al, 1988; Cidon and Sihra, 1989, Floor et al, 1990, Moriyama et al,
1990) The vacuolar H1* -ATPase of chromaffin granules is a multimeric protein composed of eight
different subunits (Moriyama and Nelson, 1989; Nelson, 1991) The protein is composed of two
distinct structures; a peripheral catalytic sector and a hydrofobic membrane sector. The vesicle
H * -ATPase is shown to be immunologically related to the chromaffin granule enzyme (Cidon and
Sihra, 1989). A vanadate sensitive ATPase of the P-type has also been found and purified from the
electric organ of Torpedo (Yamagata et al, 1989; Yamagata and Parsons, 1989). The function of
this ATPase is unknown. This means that the cholinergic vesicles contain both a P-type ATPase
and a V-type ATPase A vanadate sensitive ATPase has ilso recently been purified from
chromaflin granule membranes (Moriyama and Nelson, 1988).

2.3 Storing of catecholamines and acetylcholine in chromaffin granules and synaptic
vesicles

Since most workers agree that evoked release of acetylcholine and catecholamines occur by
exocytosis of synaptic vesicles, the storage of neurotransmitters by vesicles is probably a critical
and obligatory step in normal function of the nerves. The function of chromaffin grarules is to
store catecholamines in high concentration and, upon stimulation of chromaffin cells, to deliver
the catecholamines into the extracellular space The active uptake ofcatecholamines is driven by
ATP hydrolysis. The activity of the vacuolar ATPase, builds up a proton electrochemical gradient
which is the driving force for the uptake (for review see Njus et ai, i981) The accumulation of
these substrates is sensitive to reserpine Reserpine which is an alkaloid derived from the root of
Rauwolfia serpentina competitively inhibits the uptake of catecholamines (Kirshner, 1962;
Jonasson et a), 1964). The chromaffin cells have been used as a model system for studying uptake
and release processes in brain vesicles. The uptake of catecholamines into brain vesicles has also
been found to be driven by the proton motive force generated by a H *-ATPase (Philippu and Beyer,
1973, Toll and Howard, 1978)

Progress in the study of acetylcholine storage in synaptic vesicles has been obtained by using pure
vesicles isolated from the electric organ of Torpedo. These vesicles have an active transport system
for acetylcholine (see Parsons et al, 1987). The uptake of acetylcholine is stimulated by Mg2 + ions
and ATP and is inhibited by certain inhibitors of energy metabolism (Anderson et al, 1982).
Uncouplers dissipate the proton electrochemical gradient that has been generated. Thus active
uptake of acetylcholine is driven by a proton electrochemical gradient generated by the vesicular
ATPase. In contrast to the uptake ofcatecholamines, the uptake of acetylcholine is stimulated by
low concentrations of HCO 3 - (Koeningsberger and Parsons, 1980; Parsons and Koeningsberger,
1980) The active uptake of acetylcholine is inhibited noncompetitively by 1-trans-2-(4-
phenylpiperidino)-cyclohexanol (vesamicol, formerly A115183) (Anderson et al, 1983). Vesamicol
was originally discovered as a neuromuscular blocking agent (Marshall, 1970).

2.4 Storing of amino acids in synaptic vesicles

It is generally accepted that the amino acids GABA and L-glutamate are major neurotransmitters
in the mammalian central nervous system (Krnjevic, 1970; Fonnun,, 1984). GABA and glutamate
are quantitatively the most important neurotransmitters in the mammalian central nervous
system. Glutamate is present in at least four different pools in the brain: As transmitter in
glutamatergic terminals, as precursor for GABA in GABAergic terminals, as a metabolic
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component in other neuronal structures and in glial cells. This has greatly complicated the
analysis of the releasable amino acid transmitter pool.

The use of subcellular fractionation technique to identify the different pools of glutamate has until
now not been successful. In 1989 Burger and coworkers reported that glutamate was enriched in
the vesicle fraction. Earlier, several workers have failed to do this. Burger and coworkers (1989)
used a rapid isolation procedure for isolation of synaptic vesicles based on immunoisolation. The
borage seems to be labile, requiring the preservation of an energy gradient across the vesicle
membrane. It is shown by Carlson and Ueda (1990) that the existence of an electrochemical proton
gradient across the vesicular membrane is required in order to maintain steady-state levels of
glutamate accumulated by a vesicle fraction in vitro, but still there is some efflux. Treatment of
the vesicles by NEM blocks some of this glutamate efflux (Carlson and Ueda, 1990). NEM also
prevents efflux of endogenous glutamate from a vesicle fraction (Burger et al, 1989).
Morphological studies by Storm-Mathisen and coworkers (1983) led to the first visualization of
GABA and glutamate in neurons by immunocytochemistry.

So far vesicle specific transport activities have been described for the amino acids glutamate
(Paper 11; Disbrow et al, 1982; Naito and Ueda, 1983, 1985; Maycox et al, 1988), GABA (Paper 1;
Hell et al, 1988; Kish et al, 1989), and glycine (Kish et al, 1989; Christensen et al, 1990) It is
apparent that all the uptake carriers are active transporters dependent upon the proton
electrochemical gradient. No specific inhibitors, such as reserpine and vesamicol in the case of
catecholamine and acetylcholine uptake, are found for the uptake of amino acids. However, the
uptake of glutamate is competitively inhibited by a peptide containing halogenated ergot
bromocriptine (Carlson et al, 1989a). The uptake of GABA and glycine is competitively inhibited
by structure analogues (Paper V). It is also reported that a nerve terminal cytosolic factor inhibits
the ATP dependent vesicular uptake of glutamate in a dose dependent manner (Lobur et al, 1990).
The endogenous factor may have a function in regulation of the transmitter pool of glutamate.

The ontogeny of the vesicular uptake of glutamate, GABA and glycine has been investigated in
brain and spinal cord. The increase in vesicular uptake activity parallels synaptogenesis (Kish et
al, 1989; Christensen and Fonnum, 1991ab). This indicates the importance of synaptic vesicles in
amino acid neurotransmission. The ontogeny of the high affinity uptake of glutamate over plasma
membranes has been shown to increase with the time course similar to that of the vesicular
uptake. In contrast, the developmental time course of the uptake of GABA is different
(Christensen and Fonnum, 1991b). The plasma membrane uptake of GABA is found to have a
distinct maximum during the second postnatal week (Schousboe et al, 1976). Functional
reconstitution of carriers in proteoliposomes may provide insight into energetic and mechanistic
aspects of the transport cycle. The carriers for the uptake of glutamate (Maycox et al, 1988;
Carlson et al, 1989b) and GABA (Hell et al, 1990) have been reconstituted in proteoliposomes

During the last few years, new evidence has appeared which shows that synaptic vesicles are
important for stcragc and exocytotic release of amino acids. The fact that amino acids are actively
accumulated into synaptic vesicles in vitro strongly supports the validity of the vesicle hypothesis
for amino acids.
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3 DISCUSSION OF METHODS

3.1 Purification of synaptic vesicles

The present study deals with the uptake of amino acid neurotransmitters into synaptic vesicles
isolated from rat brain. Different methods have been used for the isolation of synaptic vesicles, and
the original method described by Whittaker and coworkers (1964) has been used in the present
study. Synaptic vesicles were isolated from a crude synaptosomal fraction subjected to hypo-
osmotic lysis to release the vesicles, and the vesicles were further purified by sucrose density
gradient centrifugation. The different fractions were tested for their GABA and glutamate uptake
activity. The highest specific uptake activities were due to vesicles floating in 0 4 M sucrose, but
0.6 M sucrose also contained uptake activities This is in agreement with the distribution of
organelles in a sucrose gradient described by Whittaker and coworkers (1964). At the interface
between 0.4 M and 0.6 M sucrose and in 0 6 M sucrose they found some synaptic vesicles, often in
clumps, microsomes and occasional myelin fragments.

Another method for isolation of synaptic vesicles was described by De Robertis et al (1963). This
method is based on osmotic shock of a crude synaptosomal fraction, followed by differential
centrifugation into three subfractions, M1, M2 , and M3 . In subfraction M1 myelin fragments and
membrane structures are accumulated The major part of the high speed centrifugation pellet M2
consists of synaptic vesicles, but this fraction is found to be more contaminated by microsomes and
membrane structures than the one obtained by Whittaker et al (1964). M3 is the final supernatant
or soluble subfraction. A modification of this method has been applied due to the small amount of
material obtained from the different brain structures (Paper IV). Myelin and microsomes were
separated from the synaptosomal fraction by a sucrose density gradient This gives a vesicle
fraction less contaminated by membranes than the vesicular fraction obtained by De Robertis et al
(1963).

Further purification of synaptic vesicles has been performed by different methods These methods
will be discussed in light of the uptake function of the vesicle fractions Naito and Ueda (1983)
isolated a vesicle fraction from bovine brain by osmotic shock of a synaptosome fraction, sucrose
gradient and immunprecipitation with anti-synapsin I, but they did not found any uptake of
GABA. Later they described an uptake of GABA into a vesicle fraction isolated from rat cerebrum.
This vesicle fraction was isolated by lysis of a crude synaptosome fraction and centrifugation in a
Percoll gradient. They obtained a GABA/glutamate uptake ratio of 0.03 (Kish et al, 1989). In
contrast, in the present work a GABA/glutamate uptake ratio of about 0.25 is found (Papers 11, i1,
IV, V). The reason for this discrepancy may be that Ueda and coworkers are destroying their
vesicles during the isolation procedure. Some neuroanatomical studies have reported that the
GABAergic and glycinergic vesicles are elliptic in shape (Bodian, 1972), which may imply that
these vesicles are more labile than the glutamate vesicles. Thus, several procedures may lead to
partly destruction of the GABA uptake activity. Isolation of synaptic vesicles have also been
performed in a Nycodenz gradient (Floor et al, 1988). In contrast to the sucrose gradient, the
osmolarity of Nycodenz and Percoll gradients can be kept constant over a wide range of densities.
Synaptic vesicles are banded in 0.4 M sucrose which is close to iso- osmolarity. Therefore, the
constant osmolarity of Nycodenz and Percoll is more important for denser organelles such as
synaptosomes. Synaptosomes are banded between 0.8 M and 1.0 M sucrose.

In Paper Ill, the vesicle fraction was further purified on a controlled pore glass column. The
specific activity of the uptake of GABA and glutamate was doubled. Due to the low capacity and
low increase of the specific uptake activities, the vesicle fraction was usually not isolated by gel
filtration. The synaptic vesicles obtained by hypo-osmotic lysis of synaptosomes and sucrose
gradient centrifugation have so far shown the highest GABA/glutamate uptake ratio. The ratio of
about 0.25 is in agreement with the ratio between synaptosomal GABA and glutamate uptake
obtained by Christensen and Fonnum (1991c). Hell et al (1988) have isolated synaptic vesicles by
sucrose gradient and gel filtration on a controlled pore glass column from brain tissue frozen in
liquid nitrogen. In liquid nitrogen the nerve terminals are effectively broken up and direct
preparation and isolation of synaptic vesicles is possible (Whittaker et al., 1972; Tashiro and
Stadler, 1978). Hell et al (1988) obtained a ratio between the uptake of GABA and glutamate of
about 0.14. In agreement with the results of Paper Ill, the specific activity of the uptake of GABA
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and glutamate was doubled when the vesicle fraction was chromatographed on a controlled pore
glass column. Synaptic vesicles further purified by gel filtration -after gradient centrifugation are
less contaminated by microsomes and other membrane structures, but physiological function
beyond purity ofsynaptic vesicles seems to be important when it comes to uptake studies.

Due to the large amount of Mg 2 * activated ATPase in all membranes, the vesicular ATPase was
measured in a highly purified vesicle fraction. The activity of the Mg 2 *- ATPase (Paper 1ll) was
distributed in two peaks when synaptic vesicles isolated by sucrose gradient were further purified
on a controlled pore glass column. The activity of acetylcholine esterase (AChE) (EC 3.1.1.7), a
marker enzyme for plasma membranes, coeluted with the first of these two peaks, and most of the
uptake activity coeluted with the second peak of Mg

2
*-ATPase. A small part of the uptake

activities (less than 5 %) coeluted with the membrane fraction Most likely, some synaptic vesicles,
or aggregated vesicles coeluted with the membrane fraction.

The high afrinity plasma membrane uptake of neurotransmitters is dependent on the Na'
gradient across the plasma membrane (for review see Kanner and Schuldiner, 1987; Fonnum et al,
1980). The vesicular GABA and glutamate uptake is not stimulated by Na' ions (Paper I; Naito
and Ueda, 1983). When the synaptosomal and vesicular uptake of GABA were performed under
identical conditions only the synaptosomal uptake was highly stimulated by addition of 50 mM
NaCI (almost 15 fold). A low concentration of GABA (44 pM) was used, due to the higher affinity of
the plasma membrane uptake. The uptake of GABA into synaptosomes was not reduced by
removal of ATP and Mg 2

* (Paper I). Therefore, contamination in the vesicular fraction by plasma
membranes cannot be of any significance for the vesicular uptake. The present results also show
that the vesicular uptake is dependent on ATP, Mg 2 ' and an intact electrochemical proton
gradient across the vesicle membrane (Papers 1, 11).

3.2 Blank values

The vesicular uptake measured could not be due to binding of substrate to membranes. The
vesicles bound to the filters during the uptake procedure were osmotically sensitive. The
inhibitory effect of the proton ionophores also indicates uptake instead of binding (Paper 1I). Li the
present study, the blank values have been treated in the same way as the samples, but they were
incubated at OC instead of 30"C. At 30°C the uptake is maximal. For the uptake of glutamate, the
blank values constitute about 10-15 % of the radioactivity retained on the filters, and for GABA
20-25 %. Most of this is, however, binding of substrate to the filters (70 %). The blank values did
not vary when different test agents were added as well. Other groups have used the activity at
30"C in the absence of ATP as blank values (Kish et al, 1989; Hell et al, 1990). In the absence of
ATP the uptake of GABA and glutamate is reduced by 80-90 % (Paper I; Naito and Ueda, 1985).
The activity measured in the absence of ATP is not necessarily due to binding, at least not in our
vesicle fraction. Endogenous ATP in the vesicle fraction, may be responsible for uptake activity in
the absence of exogenous ATP Therefore, the blank values were incubated at 0°C, but otherwise
treated in the same way as the samples.

3.3 Kinetic conditions

The Km value for the uptake of GABA has been determined to be 5.6 mM (Paper 1). Later Kish et
al. (1989) obtained nearly the same value. For glutamate uptake, the Km value has been
determined to about I mM (Naito and Ueda, 1985; Maycox et al., 1988). The experiments in Paper I
were performed with a low concentration of GABA (44 pM). Later the substrate concentration was
increased due to the kinetic properties of the system. It is more correct to use a low mM
concentration of the substrate than a low pimolar concentration, and specially in experiments
where kinetic conditions are studied. Ideally the substrate concentration should be of the order of
at least the Km value, but the specific radioactivity would be to low to permit uptake
measurement. As a compromise, a concentration of 1 mM was used (Papers I, 1Il, IV, V) The

samples were also incubated for 1.5 or 3 minutes. The system is not saturated at 3 minutes,
therefore the rate of the uptake was measured.
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The uptake of GABA and glycine in brain and spinal cord vesicles have been studied, and
inhibition of the GABA uptake by glycine and vice versa is reported One may conclude from these
studies that the specificity of the uptake of GABA and glycine is similar (Paper V). This is in
contrast to the results of Kish et al (1989), who concluded that the uptake of GABA and glycine are
different. They did not find any inhibition of the uptake of GABA by glycine or vice versa. The
reason for this discrepancy may be that Kish et al (1989) used inadequate kinetic conditions They
used a substrate concentration of 150 p.M, which is far below the Kn-values for the uptake
systems, and 10 minutes incubation time At 10 minutes the uptake of GABA and glycine is
saturated
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4 GENERAL DISCUSSION

In the present study I provide evidence for a Mg2 ' and ATP dependent in vitro uptake of GABA
into synaptic vesicles. Knowledge of the mechanisms of vesicular uptake of the inhibitory
neurotransmitters GABA and glycine and the excitatory neurotransmitter glutamate is essential
for the understanding of the transmitter function of the different amino acids. The transport
systems have been studied in detail both with regard to kinetics, inhibitors, regional distribution
and specificity. On the basis of the present investigation, this discussion will focus on the following
points: Comparison of the mechanisms of uptake of GABA and glutamate, with emphasis on the
different effects of anions (4.1). The specificity of the uptake of GABA, glycine and glutamate, and
the regional distribution of the uptake of these amino acids in the brain (4.2).

4.1 Comparison of the mechanisms of uptake of GABA and glutamate

The kinetic properties, energy demand, specificity and inorganic ion requirements of the vesicular
and granular transport processes are different from that observed in the plasma membrane and
mitochondrial membrane. One function of the neurotransmitter transport across the plasma
membrane is to terminate the overall process of synaptic transmission. The different properties of
the synaptosomal uptake and the vesicular uptake of GABA have been compared (Paper I). The
main difference is that the plasma membrane uptake is dependent on Na*, whereas the vesicular
uptake is not. The GABA and glutamate carriers in the vesicle membrane have lower affinities
than the plasma membrane carriers (Paper 11 Fonnum et al, 1980; Naito and Ueda, 1985; Kish et
al, 1989). The vesicular uptake is stimulated by ATP and Mg2*, whereas the high affinity plasma
membrane uptake is not. Christensen and coworkers (1990) have shown that also a low affinity
plasma membrane uptake of glycine is stimulated by Na'. This uptake is not dependent on ATP
and Mg 2 , and it is not inhibited by the proton ionophore carbonyl cyanide m-chloro
phenylhydrazone (CCCP). This clearly demonstrates the difference between the vesicular low
affinity uptake, and the high affinity and the low affinity plasma membrane uptake.

Vesicular uptake of GABA and glutamate is found to be inhibited almost to the same extent by the
proton ionophore CCCP (Paper 11). Different groups have reported different effect of the ionophore
nigericin on the uptake of glutamate (Paper 11; Naito and Ueda, 1985; Cidon and Sihra, 1989;
Moriyama et al, 1990). Nigericin induces an exchange of H'/K' across a membrane in the
presence of K' ions. I (Paper II), in conformity with Naito and Ueda (1985), report a potent
inhibitory effect of nigericin on the uptake of glutamate in the presence of K '. In contrast, in two
other Papers no inhibitory effect of nigericin was observed (Cidon and Sihra, 1989; Moriyama et al,
1990). In the latter works a much lower concentrations of K' (4-10 mM) was used. This may
explain the discrepancy between the results.

Glutamate accumulation in vesicles is dependent on a membrane potential gradient across the
vesicle membrane (Maycox et al, 1988; Cidon and Sihra, 1989; Shioi et al, 1989; Moriyama et al,
1990). A vacuolar proton ATPase generates a membrane potential (positive inside), a proton
gradient or both. The ATPase generates a large proton gradient in the presence of a high
concentration of CI. In the absence of permeant anions in the vesicular fraction the membrane
potential generated is maximal (Maycox et al, 1988). It has been shown that dissipation of the pH
component does not affect the glutamate uptake, and that the uptake is maximal where the
membrane potential is maximised. Therefore, the uptake is solely dependent on the electrical
gradient generated by the ATPase (Maycox et al, 1988). The positive membrane potential across
the vesicle membrane is only slightly reduced during the uptake of glutamate (Maycox et al, 1988).
Thus charge balance is largely maintained during net accumulation. At neutral pH, glutamate is
anionic, so that compensation of inward cationic fluxes or outward anionic fluxes probably is
associated with uptake. Maximal uptake of glutamate occurred at a concentration of about 4-10
mM CI (Papers 11, ill; Naito and Ueda, 1985), which is in the same range as the physiological
intracellular concentration. The reduced uptake of glutamate in the absence of CI probably
reflects a direct involvement of CI in the process. An alternative model involving a H*/glutamate
antiport has been postulated (Shioi and Ueda, 1990). The intravesicular CI itself or a CI efflux
may enhance the presumed l'/glutamate antiport. Zwitterionic glutamate molecules are
supposed to be taken up by the vesicles. Transported glutamate will dissociate and liberate H-
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ions inside the vesicles, thus facilitating a further influx of glutamate. As demonstrated by
Maycox et al (1988) acidification of the vesicles will inhibit the transport ofglutamate. Removal of
the H'-ions by a HW/CI symport may be necessary for the glutamate uptake. The uptake of
catecholamines is shown to be maximal in the presence of both a membrane potential and a proton
gradient (Holtz, 1978; Johnson et al, 1979).

Hell et al (1990) concluded that the uptake of GABA is driven both by the proton gradient and by
the membrane potential. The uptake of GABA is nct stimulated by low concentrations of C1 or Br

(Papers 11, Ill). This is in agreement with Kish et al (1989) In contrast, Hell et al (1990) found that
the uptake of GABA was reduced by 40% in the absence of exogenous Cl. Maximal uptake of
GABA occurred in the range of 4-50 mM Cl Endogenous Cl in the vesicle fraction may be
responsible for the uptake of GABA in the absence of exogenous Cl, but this is not very likely. In
contrast, even 1 mM CI or Br stimulated the uptake of glutamate 3 and 4 fold, respectively In a
synaptic vesicle fraction isolated by a controlled pore glass column (Paper ll), the uptake of GABA
was not stimulated by Cl ions (results not shown). However, it is possible that the ATPase of
GABAergic vesicles uses efflux of a cation to generate a proton gradient across the vesicle
membrane. Further investigation is needed to be able to confirm this statement.

The stilbene disulfonate derivates SITS (4-acetamido-4'-isothiocyano-stilbene-2,2'-disulfonic acid)
and DIDS (4,4'-diisothiocyano-2,2'-stilbene-disulfonic acid) are known to be blockers of anion-
exchange in erythrocytes. The site of action in erythrocytes is the protein Band 3, and the
Cl 1HCO3 exchange is inhibited (Cabantchick et al, 1978). 5-Nitro-2-(3-phenylpropylamino)-
benzoic acid (N144) is a more specific anion channel antagonist when tested in kidneys
(Wangemann et al, 1986). The uptake of glutamate is inhibited more potently by SITS, DIDS and
N144 than the uptake of GABA. This is consistent with the fact that glutamate uptake is highly
stimulated by low concentrations of Cl or Br (Papers II, III; Naito and Ueda, 1985). In chromafin
granules SITS inhibited the Cl stimulated Mg 2 *ATPase activity, and the inhibition was
competitive with respect to C1 ions (Pazoles et al, 1980). SITS also inhibited accumulation of 36CI
by chromaffin granules (Pazoles and Pollard, 1978). The stilbene disulfonate derivates are also
known to block proton transport. The proton pump activity in a subfraction of rat liver highly
enriched in uncoated endocytotic vesicles was totally inhibited by 25 PIM SITS. The ICso value was
determined to 3.5 pM (Flatmark et al, 1985). The inhibition of the proton transport by SITS did not
affect the overall Mg2 -ATPase activity of that system (Flatmark et al, 1985) The proton uptake
activity in chromaifin granules is also found to be much more sensitive to anions than the ATPase
activity (Moriyama and Nelson, 1987). SITS and N144 inhibited the vesicular Mg 2 -ATPase
activity to a low extent compared to the effect on the vesicular uptake (Paper III). The vesicular
H *-ATPase belongs to the class of vacuolar enzymes (Cidon and Sihra, 1989; Floor et al, 1990), and
the Mg 2 -ATPase of the glutamatergic and GABAergic vesicles are probably similar. As
mentioned earlier, the uptake of glutamate is shown to be driven by the electrical potential, which
is maximal in the absence of permeant anions (Maycox et al, 1988). It is therefore reasonable that
the more potent effect of SITS, DIDS and N144 on glutamate uptake is due to an effect on the
glutamate carrier. The uptake of GABA was not stimulated by anions, and is inhibited to a less
extent by SITS, DIDS and N144 (Paper 1II). This implies that no anion related site is involved in
the uptake of GABA. Recently, Maycox et al (1990) provided evidence for functional separation of
the ATPase and transmitter uptake activity. They reported that the proton pump of
bacteriorhodopsin can substitute for the endogenous proton pump of synaptic vesicles. The uptake
of glutamate was strongly reduced when the concentration of CI was reduced. Thus the glutamate
carrier seems to be dependent on Cl, and a glutamate/Cl antiport would be a reasonable
explanation. However, more evidence is needed to support this view.

4.2 Specificity and regional distribution of the uptake of GABA, glycine and glutamate

The distribution of the vesicular uptake of GABA and glutamate in different brain regions is
different (Paper IV). This is in agreement with the fact that the enzyme synthesizing GABA,
glutamate decarboxylase (EC 4.1.1.15), is localized in specific GABAergic nerve terminals
(Fonnum et al, 1970). The subcortical telencephalon, which contains among others the regions
hypothalamus, globus pallidus and substantia nigra, showed the highest vesicular uptake of
GABA (Paper IV). These regions are known to be rich in GABAergic terminals (Ottersen and
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Storm-Mathisen, 1984; Fonnum, 1987). The cerebellar granule cells are considered to be
glutamatergic (liackett et al, 1979), and the Purkinje cells are GABAergic neurons (Fonnum et al,
1970). Uptake of glutamate has been studied in a synaptic vesicle fraction isolated from cerebellar
mutant mice. The uptake of glutamate was reduced by 60 % in vesicles from mice lacking granule
cells, but not in vesicles from mice lacking Purkinje cells (Fischer-Bovenkerk et al, 1988). The high
affinity uptake of GABA and glutamate is also differently distributed (Paper IV; Fonnum et al,
1980). Therefore, the glutamatergic and GABAergic nerve terminals seem to differentiate
between glutamate and GABA on three levels, namely the high affinity uptake, the distribution of
glutamate decarboxylase, and the vesicular uptake.

Christensen and Fonnum (1991c) have found that the ratio between the vesicular uptake of GABA
and glycine is similar in cerebral cortex, subcortical telencephalon, whole brain, and spinal cord.
This is not in agreement with the expected distribution of glycinergic neurons. Glycine is proposed
to be an inhibitory neurotransmitter in the interneurons of spinal cord and in medulla (Johnston
and Iversen, 1971). The supraspinal distribution of vesicular glycine uptake is probably due to
uptake into non-glycinergic vesicles. The results of Paper V, that the uptake of glycine is
competitively inhibited by GABA and vice versa support the idea that glycine is taken up into non-
glycinergic neurons in supraspinal regions. In addition, the structure analogues GABA, glycine
and 01-alanine are taken up into synaptic vesicles isolated from rat brain and rat spinal cord (Paper
V) The high affinity uptake -)fGABA and glycine are different (Balcar and Johnston, 1973). This
means that the plasma membrane of GABAergic terminals transport GABA, and the plasma
membrane of glycinergic terminals transport glycine. The concentration of GABA in GABAergic
terminals has been estimated to be 50-150 mM (Fonnum and Wahlberg, 1973). It is therefore
reasonable to expect a great difference in the concentiation between GABA and glycine in

GABAergic neurons and the vesicles will predominantly accumulate GABA. In addition, GABA
has higher affinity fur the vesicular transporter than glycine (Paper 1; Kish et al,
1989;Christensen et al, 1990). In this way nature seems to be able to cope with the fact that the
specificity cfthe vesicular GABA and glycine transporter is similar.

There has been some dispute concerning the results on the specificity of the vesicular GABA and
glycine transporters. As pointed out earlier (discussion of methods), Kish et al (1989) obtained a
low ratio of GABA/glutamate uptake (0.03) and glycine/GABA uptake (0.13), and in an earlier
study they did not find any uptake of GABA at all (Naito and Ueda, 1983). These results indicate
that they have problems with isolating GABAergic vesicles. Therefore, to detect any vesicular
glycine uptake can be difficult due to the lower affinity of the glycine uptake. In addition they did
not find any inhibition of the uptake of GABA by glycine and vice versa. This was probably due to
the different kinetic conditions that was used (Kish et al, 1989). They concluded that the properties
of GABA and glycine uptake are different, and that GABA and glycine are taken up into different
vesicle populations. The specificity of the glycine uptake will be further discussed elsewhere

(Christensen Dr Scient thesis 1991).

The findings that GABA and glycine can be taken up into the same vesicle population are
interesting, in view of the colocalization of GABA and glycine immunoreactivity in cerebellum

(Ottersen et al, 1988), cochlear nuclei (Wenthold, 1987) and retina (Yazulla and Yang, 1988) It
has also been suggested by Ottersen et al (1990) that GABA and glycine may be released from the
same neuron, at least from the cerebellar Golgi cell terminals.

It should be kept in mind that the uptake of noradrenaline and dopamine in synaptic vesicles
prepared from rat brain is relatively non-specific. Noradrenaline containing vesicles can take up
noradrenaline, dopamine and serotonin. In vesicle fractions from whole brain dopaminergic
vesicles are responsible for a significant portion of the noradrenaline uptake (Slotkin et a], 1978).
It is also shown that the vesicles isolated from corpus striatum exhibited the same ratio of uptake
of dopamine/noradrenaline as did vesicles from cerebral cortex. Nradrenaline also competitively
inhibited the dopamine uptake (Slotkin et al, 1978). In addition, both dopaminergic and
noradrenergic nerve endings in the brain can take up either catecholamine (Snyder et al, 1970),
but the regional distribution of these neurotransmitters in the brain is different, e. g. corpus
striatum contains large quantities of dopamine with very little noradrenaline (Moore and Bloom,
1978, 1979).
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In general, the vesicular uptake of GABA, glycine and catecholamines is non-specific. This non-
specificity turns out to be a rule rather than an exception in nature. In contrast, the transporter of
the glutamatergic vesicles seems to be specific for glutamate (Paper IV, Fischer-Bovenkerk, 1988).
The Na* dependent glutamatc uptake system in nerve endings does not distinguish between
glutamate and aspartate (Logan and Snyder, 1972; Davies and Johnson, 1976). Aspartate,
suggested to be an excitatory neurotransmitter in a few pathways it. the central nervous system, is
not taken up into the vesicles (Paper V; Naito and Ueda, 1983). So far investigated, glutamate is
the only neurotransmitter which has a vesicular carrier stimulated by a low concentration ofCl A
glutamate/Cl antiport or a glutamate carrier coupled to a Cl channel may be involved in the
uptake ofglutamate.

5 CONCLUSIONS

1) The inhibitory neurotransmitter GABA is taken up into mammalian synaptic vesicles (Paper
1) Both the uptake of GABA and glutamate are driven by an electrochemizal gradient generated
by a Mg 2

*-ATPase (Paper I).

2) The uptake of glutamate is stimulated by low concentrations of Cl or Br, while the uptake of
GABA is hardly affected The uptake of glutamate is more potently inhibited by blockers of anion
exchangers than the uptake ofGABA. A possible mechanism for the uptake of glutamate may be a
glutamate/Cl antiport (Paper Ill).

3) The specificity of the uptake of GABA and glutamate is different, and the transmitters are
taken up into different populations of synaptic vesicles. The substrate specificity of the uptake of
GABA and glycine is similar, and both are taken up into brain vesicles and spinal cord vesicles in
vitro (Papers IV. V)_ Thus the vesicular uptake does not differentiate between GABA and glycine
as transmitter candidates in specific terminals.
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Abstract: y-Aminobutyric acid (GABA) was taken up by a 1,500 pmol/min/mg of protein. It is suggested that the ve-
MgATP-dependent mechanism into synaptic vesicles iso- sicular uptake of GABA is driven by an electrochemical
lated by hypoosmotic shock and density gradient centrifu- proton gradient generated by a Mg2*-ATPase. Key Words:
gation. The properties of the vesicular uptake differed Synaptic vesicles-Synaptosomes--r-Aminobutyric
clearly from those of synaptosomal and glial uptake, both acid--y-Aminobutyric acid uptake. Fyk. E. M. and Fon-
with respect to Na , Mg2 , and ATP dependence and with num F. Uptake of y-aminobutyric acid by a synaptic vesicle
respect to response to general GABA uptake inhibitors such fraction isolated from rat brain. J. Veurochem. 50,
as nipecotic acid. diaminobutyric acid, and 0-alanine. The 1237-1242 (1988).
uptake showed a K. of 5.6 mM and a net uptake rate of

-,-Aminobutyric acid (GABA) is probably the synaptic transmission of amino acids. Naito and
major inhibitory neurotransmitter in the CNS Ueda (1982), however, failed to show uptake of
(Krnjevi6, 1970; Fonnum, 1978, 1987). It is well es- GABA into the immunoprecipitated synaptic vesicle
tablished that glutamic acid decarboxylase (EC fraction. Recently, Orrego et al. (1986) also failed to
4.1.1.15), the enzyme that synthesizes GABA, is show uptake of GABA into a vesicle fraction.
highly localized in the nerve terminal, probably in the In the present work, we have, therefore, reinvesti-
cytosol (Salganicoff and De Robertis, 1965; Fonnum, gated the uptake of GABA into synaptic vesicles iso-
1968). Attempts to show an enrichment of GABA in lated from rat brain. We have also compared the ve-
synaptosomes or synaptic vesicles compared with sicular and synaptosomal uptake under different
other subcellular fractions have not been very con- conditions.
vincing (De Belleroche and Bradford, 1973; Lahdes-
miki et al., 1977; Wood and Kurylo, 1984). In fact, it MATERIALS AND METHODS
was earlier concluded that vesicles do not contain GABA, ATP (disodium salt), carbonylcvanid-m-chloro-
amino acids in any significant concentration (Man- phenylhydrazone (CCCP), ouabain. L-glutamate (disodium
gan and Whittaker, 1966: Rassin, 1972; Kontro et al., salt), D-aspartate, diaminobutyric acid (DABA). nipecotic
1980). The lack of evidence for an enrichment of acid. and $-alanine were purchased from Sigma Chemical
GABA in vesicles has been attributed to the possible Co. (U.S.A.). Oligomycin was obtained from Serva
leakage of the amino acids during the subcellular (GmbH). [2,3-3H]GABA (71.5 Ci/mmol) was from Amer-
fractionation procedure. sham (U.K.).

Recent evidence indicates that L-glutamate is taken Purificdon of synaptosomes and synapdc vesicles
up in an ATP-dependent manner by synaptic vesicles Male Wistar rats, weighing 200-250 g, were used in all
isolated from bovine brain by antibodies against pro- experiments. Animals were killed by decapitation, and the
tein I (Naito and Ueda, 1983, 1985). This supports brains were quickly removed. The subcellular fractionation
the notion that synaptic vesicles may be involved in was carried out according to the original procedure of

Received July 21. 1987; revised manuscrpt received October 23. Abbreviations used: CCCP. carbonylcyanid-m-chloropenylhy-
1987; accepted November 2. 1987. drazone; DADA, diaminobutync acd: GABA, "-yaminobutync
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Whittaker et al. (1964). except that 10 rmL Tris-HCI (pH treated with trichloracetic acid (2.5%) to release the amino
7 4) and I ( .iML EGTA were included in the sucrose solu- acids. The supernatant was extracted with ether to remove
tion (Stadler and Tsukita. 1984). The crude synaptosomal trichloracetic acid. then reacted with o-phthaldialdehyde
pellet (P2) was osmotically shocked by resuspension in 0. 1 under slightly alkaline conditions, and subjected to HPLC
mV1 EGTA and 10 m Tf Tris-HCI buffer (pH 7.4) and cen- as previously described (Lindroth and Mopper. 1979). The
trifuged at 17,000 g for 30 min. The remaining supernatant amino acid content was determined by fluorescence, and
containing vesicles was subjected to sucrose density gra- the radioactivity was determined by scintillation counting
dient centrifugation in a Contron TST 28.38 rotor at of I-mi fractions.
65.000 g for 2 h. and the vesicle fraction (D) was isolated Protein contents in the synaptosome and vesicle prepara-
from 0.4 . sucrose as originally described. In some cases, tions were measured as described by Lowry et al (195 I).
the D fraction was diluted with 0.15 V KCl and recentri-
fuged at 100,000 g for 3 h, and the pellet was used in the Statistics
uptake experiments. For uptake studies, the results were expressed as mean

A crude synaptosomal pellet (P2 ) resuspended in 0.25 V - SEM values. Groups of data were analyzed by Student's ,
sucrose and 5 mM Tris-HCI (pH 7.4) was subjected to test. The K. and V,,_ values were calculated with a linear
GABA uptake experiments, regression program (Chou and Chou, 1985).

Assay for GABA uptake
GABA uptake was determined essentially as described by RESULTS

Naito and Ueda (1982, 1985) for vesicular glutamate. The
standard incubation mixture for assaying vesicular and syn-
aptosomal GABA uptake contained 0.25 M sucrose. 5 rmM We have studied the uptake of GABA into a syn-
Tris-HCI (pH 7.4), and 4 mM MgSO4. The standard incu- aptic vesicle fraction. In most experiments, the vesi-
bation medium for synaptosomes contained, in addition, cle fraction (D) was used directly, but in some experi-
50 mM NaC1. Synaptic vesicles (0.2-0.3 mg of protein) and ments, a resuspension of the vesicle pellet after cen-
synaptosomes (0.05 mg of protein) were preincubated in trifugation of the D fraction (diluted with 0. 15 Ml
275 Al of standard incubation mixture for 15 in at 30°C. KCI) at 100,000 g for 3 h was used. The suspension of
[tHIGABA (final concentration = 44 4; 0.1 Ci/mmol) the vesicle pellet and the D fraction gave similar re-
alone or with ATP (final concentration = 2 mM: disodium
salt neutralized with Tris base) was added in 25 gl. and the suits, but the D fraction usually gave a higher uptake.
mixture was further incubated for 3 min at 30°C. The up- The uptake was stimulated four- or fivefold at
take, if not otherwise stated, was terminated by addition of 30*C compared with 0(C. The vesicular uptake was,
5 nl of ice-cold 0.15 M KCI, followed by immediate filtra- therefore, highly temperature dependent and uptake
tion through Millipore Hawp filters (diameter = 25 mm; at 0°C was taken as the blank throughout the investi-
pore size - 0.45 ,um). The incubation tubes and filters were gation. When the extract from vesicles was reacted
further washed twice with ice-cold 0.15 M KCI solution, with o-phthaldialdehyde and subjected to HPLC. the
Filters were then dissolved in 10 ml of Filter Count (Pack- radioactivity traveled with the GABA peak.
ard), and the radioactivity was determined in a Packard When the vesicular fraction was diluted and
Tri-Carb 300 liquid scintillation counter with a counting washed with water instead of 0. 15 M KCI, uptake was
efficiency of 54-56%. Blanks, treated similarly but incu-
bated at 0°C, were 977 ± 20 (n - 37) and 757 ± 50 cpm (n
= 15) (mean = SEM) for the vesicular and synaptosomal
system, respectively. GABA concentration, incubation
time, and addition of different metabolic inhibitors had no TABLE 1. Veswular uptake of['HIGABA
significant effect on the blank values. The blank values,
corresponding to 20-30% of the radioactivity, were re- GABA uptake
tained on the filters under standard GABA uptake condi-
tions. pmol/mime

In each -xperimenl, both samples and blanks were as. Treatment of protein
sayed in triplicate, and the mean value was used. In some Control 9.1 ± 1.2 (8) 100
experiments, the GABA concentration was varied from 44 Minus ATP 1.6 ± 0.6 (5) 16
,m to 10 mM. and in others, the incubation time was Minus M. 4.8 ± 0.9 (8)b 53
varied between 90 s and 10 min. When the effect of the Plus 5 AM CCCP 3 .6 t 0.7 (3  40
metabolic inhibitors CCCP, oligomycin, and ouabain was Plus 10 5iM CCCP 3.4 ± 0.8 (4)b 37
examined, they were included in the preincubation mix- Plus 50 mM Na* 8.4 ± 0.8 (6) 92
ture. CCCP and oligomycin were dissolved in absolute eth- Plus 2.5 4g of oligomycin 7.6 ± 0.9 (5) 84
anol, The final concentration of ethanol was - 1%. and it Plus 167 sM ouabain 5.3 ± 0.6 (6) 91
had no significant effect on uptake.

Synaptosomai GABA uptake inhibitors (see Table 3) A soluble vesicle fraction (D fraction) or a vesicle pellet -asincubated in 0.25 M sucrose, 5 mM Tris-HCI (pH 7.4). 4 mMwere all added to the preincubation medium. The inhibitor MgSOa. 2 mM ATP. and 44 aM [H]GABA (0. 1 Ci/mnol) for 3
solutions were adjusted to pH 7.4 with NaOH when neces- min at 30°C. The amount of GABA retained in the vesicles was
sary. determined as described in Materials and Methods. Data are mean

In some experiments, the vesicle fraction was pelleted by " SEM values (no. of determinaion).
centrifugation at 100,000 g for 3 h, and the pellet was "p < 0.001, lp < 0.05 by Student's r est.
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reduced by 80%. Under such conditions, the vesicles
were osmotically shocked, and accumulated GABA.
therefore, leaked out. This confirms that we are deal- 2s -
ing with uptake into osmotically sensitive particles I
rather than with membrane binding. 0

The uptake was highly dependent on ATP (Table 20-

I). In the absence of ATP. uptake was reduced by
84%. The uptake was also dependent on Mg ' , an
observation indicating the involvement of a Mg- s
ATPase. In the presence of small concentrations of
the proton carrier CCCP. the ATP-dependent uptake
of GABA was inhibited. This indicates the impor-
tance of the electrochemical gradient generated by a
proton pump ATPase in the synaptic vesicle mem- s
branes.

Oligomycin and ouabain had no significant effect
on ATP-dependent GABA uptake (Table 1). These
agents are known to inhibit the mitochondrial and TIME (min)
plasma membrane Na+.K*-ATPases, respectively.
This confirms that mitochondrial and plasma mem- FIG. 1. TimO course of [ IGABA uptake by synaptic vesices.

Synaptic vesicles (D fraction) were incubated in 0.25 M sucrose. 5brane ATPases were not involved in the GABA up- mM Tris-HCI (PH 7.4). 4 MM MgSO,, 2 mA ATP, and 44 ydA

take described. (
3
HGABA (0.1 Ci/mmo) at 30'C for various times. Eac point is

The uptake of GABA into the vesicular fraction the average of three or four separate experiments, and the
was compared with that into the synaptosome frac- amount of GABA accumulated in the vesicles was determied as
tion (Table 2). Unlike vesicular uptake, synapto- described in Materials and Methods. The bars indicate SEM.

somal uptake of GABA was highly stimulated by ad-
dition of 50 mM NaCI (almost 15-fold). The uptake synaptic vesicles was not inhibited by general, synap-
of GABA into synaptosomes was not reduced by re- tosomal, and glial GABA uptake inhibitors such as
moval of Mg" or ATP, but it was inhibited by CCCP. nipecotic acid. DABA, or 0-alanine, Uptake was not

The time course of ATP-dependent GABA uptake inhibited b L-glutamate or D-aspartate.
up to 10 min is shown in Fig. 1. Maximal uptake was
reached after '-5 min of incubation.

The vesicular GABA accumulation in the presence DISCUSSION
of ATP was saturable with respect to GABA (Fig. In the present study, we provide evidence for a
2A). The Km value for GABA in the presence of ATP MgATP-dependent uptake system for GABA into
was determined to be 5.6 rmM., and the V_, value was synaptic vesicles isolated from rat brain. Accumula-
1.500 pmol/min/mg of protein (Fig. 2B). tion of GABA by synaptic vesicles was highly depen-

As shown in Table 3, the uptake of GABA into dent on temperature. The vesicular system was satu-
rable with respect to time and substrate concentra-
tion. Compared with synaptosomal GABA uptake.

TABLE 2, Accumulation of['H]GABA by a crude the affinity and maximal rate were low. Vesicular
synaptosomalfraction uptake was inhibited by the proton carrier CCCP, but

it was not inhibited by ouabain and oligomycin. Un-
GABA uptake like uptake into synaptosomes, vesicular uptake was

independent of NaCI and was not inhibited by
Treatment of protein DABA, $-alanine, or nipecotic acid. GABA accumu-

lated in synaptic vesicles was released under hypoos-
Control 98.1 ± 75 100 motic conditions. Thus, the radioactive GABA re-

Minus ATP 99.0 ± 3.9 101 tamined on the filters was due to uptake rather than
Minus M. 195.2 t 27.5' 199 binding.
Plus 10 A CCCP 34.0 ± 4.21 34
Minus 50 mM Na* 6.8 ± 2.71 7 Previously, Naito and Ueda (1983) failed to show

any uptake of GABA into immunoprecipitated vesi-
A crude synaptosomal pellet (P2) dissolved in 0.25 Msucrose and cles. In this preparation, they were only able to show

5 nM Tris-HC1 (pH 7.4) was incubated with 4 MM M&SO4, 50 accumulation of glutamate. However, recently, in a
mM NaCI. 2 mMATP, and44 iM[HGABA (0.1 Ci/mmol) for 3 preliminary report, they described an ATP-depen-
min at 30"C. The amount of GABA retained in the synaptosomes dent uptake of GABA into synaptic vesicles prepared
was determined as described in Materials and Methods. Data are
mean ± SEM values from three determinations, by Percoll gradient centrifugation (Kish et al.. 1987).

p < 0.05. 'p < 0.001 by Student's t test. In the present work, we also provide evidence for a

J .Veurvcrhn vi4 50. vo 4 198
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Accumulation of GABA by synaptic vesicles iso-
A lated from rat brain requtred ATP hydrolysis and

Mg>. These results are similar to the results of Naito
and Ueda (1983. 1985) on glutamate uptake. Thetr

'a 1000~ uptake system has been reported to be highly specific
4 for L-glutamate and driven by a vesicle Mg>-ATP-ase, generating an electrochemical proton gradient.

We have demonstrated that accumulation of GABA
by synaptic vesicles from rat brain was significantly
decreased in the absence of ATP and Me* and in the

400 presence of CCCP, an inhibitor of proton pumps and
I an uncoupler of oxidative phosphorylation (Hevtler

q and Prichard. 1962). In contrast, oligomycin. a wel]-
Zi 20 known inhibitor of mitochondrial ATPase, did not

affect uptake. This indicates that milochondrial
membranes could not be responsible for the vesicular

2 4 6 8 10 uptake. Ouabain, an agent known to inhibit plasma
IGABAI (mM) membrane Na*,K*-ATPase and synaptosomal

GABA uptake (Nicklas et al., 1973), had no effect on
the ATP-dependent vesicular uptake. Because mam-

E B malian synaptic vesicles contain an ATP-dependent
proton pump (Stadler and Tsukita, 1984), we pre-

E 4- sume that GABA uptake is driven by a vesicle Me'-

'a ATPase. generating an electrochemical proton gra-

Using synaptic vesicles from the electric organ of
Torpedo. it has been shown that acetylcholine is also

2 taken up in a saturable MgATP-dependent manner
(Koenigsberger and Parsons, 1980; Parsons and
Koenigsberger, 1980; Anderson et al., 1982: Parsons
et al., 1982). Uncouplers like nigericin. valinomycin,

012 04 01 olsand carbonylcyanid p-urifluoromethoxyphenylhydra-
0.2 .4 0.6 09 1zone act as potent inhibitors of active acetylcholine

(bASl (m))-'uptake. Synaptic vesicles isolated from the rat brain(IGAAI (M)YIalso accumulate E3Hnoradrenaline and 5-[3H]-
FIG. 2. Substrate dependence of [3HIGABA accumulation by hydroxytryptamine (Seidler et al., 1977. Halaris and
synaptic vesicles. A.- Rate of ATP-dependent vesicular uptake of DeMet. 1978) in a MgATP-dependent manner
['H]GABA as a function of 6AMA concentration. Synaptic vesicles
(0 fraction) were incubated In 0.25 Mf sucrose. 5 mMI Tris-HCI (pH4
7 4),4 MM MgSO4. and 2 mM ATP The 6AMA concentration was
vaned between 500 mM anid 10 mM, and the am~ounlt of 6AMA TABLE 3. Effects of amino acids and svapiosomal
retained in the vesiclea after 3 men at 30*C was determined as GA4BA uptake inhibitors on vesicular uptake of/3

'H]GABA
described in Materials and Methods. Each point represents spe-
cific 6AMA uptake (the average of three aeperate experiments);
bars indicate SEM. 8: Double reciprcal Plot of the data from A. GABA uptake
The K,. (5.6ma" and V_, (1,500 pmol/rnin/rnig of protein) values (pmol/min/mg of
were calculated with a linear regression program (Chous and Chou, Test agent protein)
1985).

None (control) II.1 I 2.0 5
gl-Ala (10 mM) 9.2 ± 0.8 (3)
L-Glu 0 mM) 14.3±173

specific vesicular GABA uptake system. There has D-Asp '(110 mM) 13.4 ± 2.0 (3)
not yet been any satisfactory evidence for localization DABA (I mM) 13.3 ± 2.2 (3)
of GABA in synaptic vesicles. and the mechanism of Nipecotic acid 0I mM) 10.7 = V7 (3)
storage and release into the synaptic cleft is not clear
(De Belleroche and Bradford. 1973; Lahdesmiki et A toluble vesicle fractiol (D fraction) as incubated in 0.25 SW
al., 1977). The present results indicate the storage of sucrose. 5 mM Tns-lI (pH 7.4). 4 mM~i MgSO.. 2 nmM ATP,. and
GABA in synaptic vesicles and, therefore, the possi- 44 M (IHIGABA (0. 1 Cilmmol). The test agents were included in
ble involvement of synaptic vesicles in GABAergic the preincubation medium. The amount of GABA accumulated by

te vesicles was determined as descnibed in Materials and Methods.
synaptic transmission. Other criteria need to be ful- Dat are mean t SEM values (no. of determinations). The values
filled before this can be firmly established. are not significantly different from the control (Student's titest).

J1 'i,mihim Vo 1,V o) 4. 1988
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These reports agree with our results. Accumulation of Chou J. and Chou T. C. (1985) Dose EfeCs Analysis ih.ticro-
neurtrasmitersby solaed ynapic esiles s a Copuf crs Elsevier-Biosoft. Cambridge.neurtrasmitersby iolaed snapic vsices i an De Belleroche J. S. and Bradford H. F 11973) Amino acids inactive process, probably driven by an electrochemical synaptic vesicles fram mammalian cerebral caries: a reap-

gradient. praisal J .Veurochem. 21. 41-45 1.
The K., value determined (5.6 nmM) indicates a Fonnum F U 968) The distribution of glutamate decarboxylase

low-affinity system for GABA uptake into synaptic. and aspartate transaminase in subcellular fractions of rat and
vesicles. Naito and Ueda ( 1985) also found a low-af- guinea-pig brain. Biochem. J 106, 401-412.

ino Fonnum F.. ed 11978) ATO Adianced Siwly, Instatwes Series,
finity K., value for glutamate uptake (1 .6 mA.!) ino Series A4, Life Sciences. V'ol 16 A4mino Acids as Chemical
synaptic vesicles. The concentration of GABA in the Transmitters, Plenum Press. New York.
GjABAergic terminals has been estimated to be Fonnum F.(1987) The anatomy. biocltemisirv. and pharmacalogy
50-15 rSO m (Fonnum and Walberg, 1973). A large of GABA. in Ps -chopharmcology The Third Generation oy
part of this pool is probably intravesicular, and the Progress (Meltzer H. Y., ed), pp. 173-182. Raven Press. New

York.
concentration in the cytosol may, therefore. be of the Fonnum F. and Walberg F. (1973) An estimation of the concen-
same order of magnitude as the K., of the vesicular traton of -f-aminobutynic acid and glutamate decarbox~Iase
uptake. In contrast, Seidler et al. ( 1977) described a in the inhibitory Purkinje an terminals in the cat. Brain Res

highr afinty or ptae ofcatchoamie ito yn- 54, 115-127.
higer ffiityforuptkeof ateholmin ino sn- Halais A. E. and DeMet E. M. (1978) Active uptake of [5 Hls-HT

aptic vesicles isolated from rat brain, by synaptic vesicles from rat brain. J Neuroichem 31,
The described vesicular uptake of GABA differs 591-597

clearly from that of synaptosomal uptake of GABA HeytlerP G. and Prichard W. W (1962) A new class of uncoupling
with respect to dependence on Na' (Martin and agents-carboxyl cyanide phenvihvdrazones. Biochem.

Smit. 172: annr. 978)andATP Kaner. Biophvs Res Commian. 7. 272-275.Smit, 172: annr. 978)andATP Kaner, Iversen L. L. and Kelly J. S. 11975) Uptake and metabolism of
1978). -y-aminobuiyrtc acid by neurons and glial cells. Brochem.

CCCP, the electrogenic proton carrier, inhibited Phacmacol 24. 933-93g.
both the vesicular and the synaptosomal transport Kanner B. 1, 11l918) Active transport of -y-aminobuivnic acid bN
systems. The synaptosomal uptake of GABA requires membrane vesicles isolated from rat brain. Biochemistr' 17,

1207-1211.
both Na' and C0 gradients, which are electrogemi- Kanner B. 1. and Radian R. (1986) Mechanism of reupiake of
cally maintained (Kanner and Radian. 1986). In the neuratransmirters from the synaptic cleft, in Excitator .4mino
case of synaptosomes. CCCP will, therefore, inhibit A4cids (Roberts P. J.. Storm-Mathisen J., and Bradford H..
the uptake by decreasing the membrane potential eds). pp. 154-173. Macmillan. London.
(Kanner, 1978). Kish P. E., Bovenkerk C.. and Ueda T. (1987) Gamma-amino

It i paticuarl intresing hat0-alnin. DAA. hutync, acid (GABA) uptake into synaptic vesicles. (Abstri J
It i paticuarl intresing hat~J-aanie. DBA. Netirochem. 48 (Suppl), S73A.

and nipecotic acid had no effect on GABA uptake Koenigsberger R. and Parsons S. M. ((1980) Bicarbonate and mag-
into vesicles. It is weUl established that DABA and nesium ion-ATP dependent stimulation of acetylcholine up-
3-alanine are potent inhibitors of synaptosomal and take by Torpedo electric organ synaptic vesicles. Bwochem

Biophvs. Res. Commun. 94.,305-312.
glial uptake, respectively, and that nipecotic acid in- Kontro P.. Mainela K. M., and Oja S. S. (1980) Free amino acids in
hibits both (Iversen and Kelly. 1975; Krogsgaard- the synaptosomes and synaptic vesicle fractions of different
Larsen and Johnston. 1975: Schon and Kelly, 1975). bovine brain areas. Brain Res 184, 129-141

In conclusion, the vesicular uptake of GABA is Krnjevic K. (1970) Glutamate and -y-aminobutvrtc acid in brain.
driven by a Me*-ATPase coupled to an electroei Nature 223. 119-124.

rgnc Krogsgaard-Larsen P. and Johnston G. A- R. ((975) Inhibition of
pump. The vesicular uptake system is clearly differ- GABA uptake in rat brain slices by nipecotic acid, various
ent from those of glia and synaptosomes. isoxazoles. and related compounds. J V

5 eurochem 2.5,
797-802.
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Comparison of the Properties of -y-Aminobutyric Acid
and L-Glutamate Uptake into Synaptic Vesicles

Isolated from Rat Brain

Else M. Fykse, Hege Christensen, and Frode Fonnum

Division for Environmental Toxicology. Norwegian Defence Research Establishment. Kjier Norway

Abstract: Rat brain synaptic vesicles exhibit ATP-dependent Low concentrations of al stimulated the veaicular uptake
uptake of -y.11lamino-n-butyric acid ([3H]GABA) and L- of L-glutamate but not that of GABA. The uptakes of both
[
3
Hilglutamate. After hypotonic shock, the highest specific L-glutamate and GABA were inhibited by high concentrations

activities of uptake of both L-glutarnate and GABA were re- of C1-. These reaults indicate that the vescular GABA and
covered in the 0.4 M fraction of a sucrose gradient. The up- L-glulamate uptakes are driven by an electochemnical proton
takes of L-glutarnate and GABA were inhibited by similar, gradient generated by a similar Mg2'-AT~ase. The vesicsular
but not identical. concentrations of the nsitochondrial un- uptake mechanisms are discussed in relation to other vesicle
coupler carbonyl cyanide m-chlorophenylhydrazone and the uptake systems. Key Words:- Synaptic vesiclea-Vesicular
ionophores nigericin and gramicidin, but they were not in- uptake-Me'-ATPase-Proton gradient-nhibitors. Fykse
hibited by the K- carrier valinomycin. N.N'-Dicyclohexyl- E. M. et al. Comparison of the properties of y-aminobutyrsc
carbodiimide and NV-tlsylmnaleimide. Mg2'-ATPase inhibi- acid and L-glutamate uptake into synaptic vescles isolated
tars, inhibited the GABA and L-&lutamate uptakea similarly, from rat brain. J. Neurochem. 52. 946-951 (19S9).

-y-Amino-n-butyric acid (GABA) and L-glutamate and synaptosomes (Naito and Ueda, 1985; Fykse and
are important neurotransmitters in the CNS (Krnjevic, Fonnum, 1988).
1970: Foninum, 1987). However, the mechanisms by Different vesicle preparations show different affinities
which the amino acid neuarotransmitters are stored and toward L-glutamate uptake (Disbrow et al.. 1982; Naito
released within the nerve terminal are still elusive. Until and Ueda, 1983, 1985) and very different activity to-
now, no one has been able to show any enrichment of ward GABA (Naito and Ueda, 1983; Kiah et al.. 1987).
endogenous GABA and L-glutamnate in isolated syn- Preliminary results have shown that the ratio between
aptosomes or synaptic vesicle preparations (De Belier- L-glutamate and GABA uptake differs for different
oche and Bradford, 1973; Lahidessnaki et al.. 1977; brain regions, an observation indicating that GABA
Wood and Kusylo. 1984). Active uptake of both L- and L-glutamate are taken up by different vesicles
glutamate and GABA has, however, been demonstrated (Fonnum et al., 1988). Therefore, it was of interest to
with different preparations of mammalian synaptic compare the uptake of GABA and L-glutamate in a
vesicles (Philippu and Matthaei, 1975: Disbrow et al., similar vesicle preparation.
1982; Naito and Ueda, 1983; Fykse and Fonnum, In this article, we have compared in detail the effect
1988). The vesicular uptake of GABA and L-glutamate of one proton gradient uncoupler, ionophores and
did not require Na* and was highly dependent on Me* Mg2 -ATPase inhibitors on a vesicle preparation that
and ATP. The uptake was not inhibited by inhibitors contains both GABAergsc and glutamergic vesicles and
of glial and synaptosomal uptake. The vescular uptake that shows a high ratio between GABA and L-glutamate
was, therefore, clearly different from that of glial cells uptake. In fact we present the highest GABA/L-glu-

Received June 28. 1988; revised manuscript received August 29. Abbreviations used. CCCP, carblonyl cyanide m-chlorophenvlhy-
988: accepted September 12.1988. drszone; DCCD,. N.'-dicyclohetytcartiodiimide GABA. -n-10

Address correspondence and reprint requests to Dr. E. M. Fykse ,s-hutric &ad; NEM. .- etlsylmnaleimde.
at Division for Environmental Toxicology, Norwegian Defence Re-
search EstablishmnenL. P.O. Box 25, N-2007 Kjeller, Norway.
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tamate uptake ratio ( 1:4) shown. The results are dis- 30*C for 3 min. The reaction was stopped by filtration
cussed itn relation to other vesicular uptake systems. through a Millipore HAW? filter (diameter = 24 mmn: pore

size = 0.45 urn), and the radioactivity was determined in a
Packard Tri-Carb 2200 Liquid Scintillation counter with a

MATERIALS AND MIETHODS counting efficiency of 56-58%. Blanks were incubated at O'C

GABA, L-glutamate (dipotasajum salt). ATP (disodium and were 328 13 cpm (n = 8 1)and 4
7

. 18 cpn in -82)
salt). carbonyl cyanide m-chlorophenylhydrazone (CCCP), for the vesicular GABA and L-glutamate uptake systems. re-
.NV-dicyclohexylcarbodiimide (DCCD). nigericin. and sal- spectively. Addition of different metabolic inhibitors had no

inomycin were purchased from Sigma Chemical Co. (St. significant effect on the blank values which corresponded to
Louis. MO. U.S.A.). [2.3-'HIGABA (45 Cilmmol) and L- - 15-20 and 5- 10% of the radioactivity thai was retained
[2.3-.ilglutamate (25 Ci/esmol) were obtained from New on the filters under standard GABA and L-glutamate uptake
England Nuclear (Boston. MA. U.S.A.). N-Ethylmnaleimide conditions respectively.
(NEM) was from Nutritional Biochernicals Corp. (Cleveland. When the effect of the metabolic inhibitors CCC?. DCCD,

OH. U.S.A.). valinomycin. nigerscin. gramnicidin, and NEM were examined.
they were included in the preincubation mixture. The inhib-

Purification of synaptic vesicles itors were dissolved in absolute ethanol. The final concen.
Male Wistar rats )Mollegaard, Denmark). weighing 200- tration of ethanol was I%. Control experiments showed that

250 g, were used in all experiments. For each experiment, this concentration had no significant effect on the uptake.
brains from - 10 rats were removed after decapitation. The When the effect of Cl- was studied, the vesicle fraction
subcellular fractionation was carried out as described by was eluted through a Sephadex G-25 column (Pharmacia
Whittaker et al. (1964), except that 10 mM Tris-maleate (pH PD-l10) before incubation to reduce the C1- concentration in
7.4) and 1.0 mM EGTA were included in the sucrose solution the vesicle fraction.
(Stadler and Tsuldta, 1984). The crude sytiaptosomal fiactian Protein contenta were measured as described by Lowry et
(P.) was osmiotically shocked by resuspension in 10 mM Tris- al. (195 1).
maleate (pH 7.4) and 0. 1 mM EGTA and centrifuged at The results were expressed as mean t SEM values. Groups
17,000 g for 30 min. The remaining supernatant was sub. of data were analyzed by Student's itest. The lCso values
jected to sucrose density gradient centrifugation in a Contron were calculated from three different experiments with a Mul-
TST.28.38 rotor at 65,000 g for 2 h, and the vesicle fraction tiple Drug Effect Analysis Program (Chou and Chou, 1985).
was isolated from the band containing 0.4,W sucrose.

Assay for GAB3A and L-glutamnate uptakeREUT
vesicular GABA and L-glutamate uptakes were determined Fracionation of synaptic vesicles on a discontinuous

as described by Pykse and Fonnum (1988), except that the
standard incubation mixture for assaying vesicular uptake sucrose gradient
contained I110 mM potassium tartrate, 10 mM Tris-maleate .We have studied uptake of GABA and L-glutatnate
(pH 7.4), and 4 MM M90I2. Synaptic vesicles (-0. 1 mg of into synaptic vesicles fractionated on a discontinuous
protein) were incubated with 1 mrM ['H]GABA or L- sucrose gradient. Specific activity of the ATP-depen-
[3Hlglutamate (5 mCi/mmol) and 2 mM ATP (disodium salt dent GABA and L-glutamlate uptake was highest in the
neutralized with Tris base). The vesicles were incubated at 0.4 and 0.6 .11 sucrose bands (Fig. 1). Uptakes of GABA

IS00

000FIM 1. Vesicular uptake of GABEA PU and L-gkfte
C (C) in a sucrose gradient. The incubation mixtu~re Crin-
E tamned 0.32 M sucrose. 10 mV Tria-maleat. (p'I 7.4).

4 mM 101C4,, 2 MM ATP, enid 1 M i,-(
3
Higutuat

or (
3H]GABA (5 minC/rniol). Data us mean ±50 (bers)

values from two differnt experiments.
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and L-glutamate in the high-speed supernatant loaded TABLE 2. Effect of KC! on vesicular uptake
on the gradient (see Materials and Methods) were 109 ot-G.4BA and L-gluiamate
± 59 (n = 2) and 314 t 90 (n = 2) pmollmin/mg of

poen(en± SD), and in the 0.4 Al sucrose band Vesicular uptake

the GABA and L-glutamate uptakes were 446 ± 11 RltleatviyIl)
(n = 2) and 1,670 ± 63 (n = 2) pmol/min/mg of protein KC1 (m.1f) GABA [-GlutaaE3 720
(mean ± SD), respectively. Specific GABA and L--
tamate uptakes were about four and five times higher 5 99 ± 12(4) 569 zll10 6f
in the 0.4.11sucrose fraction. The uptake was different 50 87 = 23 (4) 165 =43 16)
from the uptake into membranes, and the H fraction, 100 65 -_ 14 (4)' 76 =23 16)

containing a mixture of membrane-fused vesicles and A vesicle frtaction eluted through a Sephadex G-25 (PD- 10) column
disrupted synaptosomes, did not show any uptake. -as incubated in IO m0Mr potassium tatirate. 10 mM Ttis-nmaleae

pH 14). 4 mLM MgSO,. 2 mMt ATP. and I mMit Lq.'Hlglutamate
Effects of different inhibitors on ATP-dependent or ('HIGABA (5 mCi/mmol). The control values in the absence of
GABA and L-aOuteate uptake KCI were 372 = 38 (n - 7) and 268 ± 63 (n = 7) pmol/mm/mg of

Purified rat brain synaptic vesicles were incubated protein for the GABA and L-glutamnate uptake. respectvelv Data
with a wide concentration range of different classes of are mean = SEM percentages relative to the control (no. of deter-

minations).mitochondrial uncouplers to examine their effect on The significance of differences was calculated by Student's t tesn:
the ATP-dependent GABA and L-glutamnate uptake. p~ < 0.002. 'p <o.0s.

Figure 2 shows the effect of nigericin, gramicidin,
CCCP, DCCD, and NEM on the uptake of GABA and
L-glutamate. The IC,5 values are given in Table 1. The For further examination of the importance of the
electroneutral H*-K' or H*-Na* exchanger nigericin. Mg2'-ATPase and the proton gradient, ATP-dependent
i n the presence of I 10 mM KCI and 4 mM NaCI, acted uptakes of GABA and L-glutamate were studied with
as an inhibitor of active uptake of GABA and L-glu- different concentrations of the Mg+-ATPase inhibitor
tamate. The half-maximal inhibitory concentrations DCCD. The inhibition was nearly identical.
were 2 X 10-6 and 0.3)< 10-6 . respectively. Thus, NEM, a thioil reagent and a proton pump ATPase
the inhibition of the L-glutamate uptake was more po- inhibitor, caused a potent inhibit1 '- -f the GABA and
tent. In the absence of K+, the IC50 values were >50 L-glutamate uptake. This meais Lu. . one or more re-
AsM (data not shown). duced cysteine residue(s) are important in the ATP-

The channel-former gramicidin, which would allow dependent vesicular GABA and L-glutanlate uptake.
free movement of H*, K*, and Na*, also inhibited ac- The K' carrier valinomycin showed nearly no in-
tive uptake of GABA and L-glutamate. The IC50 values hibition of the GABA and L-glutamnate uptake at 110
for the GABA and L-glutamate uptake were 0.8 )( 10' mM K. The uptakes of L-glutamate and GABA were
and 3.2 X 10-6 M, respectively. In this case, the inhi- 77 ± 7% (n - 4) and 71 ± 11% (n = 4), respectively.
bition of the GABA uptake was more potent than that of the control value in the presence of 50 gam valino-
of L-glutamate uptake. mycin.

The electrogenic proton carrier CCCP completely
inhibited active uptake of GABA and L-glutamnate with Effect of chloride

alotietclI5 aus(Table 1). The effec of different C1- concentrations on the
almot idnticl IC 0 vauesATP-dependent vesicular uptake was examined (Table

2). Synaptic vesicles were eluted through a Sephadex
G-25 (PD-10) column to reduce the 0- concentration.

TABLE 1. Effect of different inhibitors on uptake Uptake of GABA and L-glutamate with different con-
of GABA and L-glamrate centrations of al added was examined in the eluate.

IC" (AM)The results are shown in Table 2. Addition of 5 maM
IC,, C - had no effect on the GABA uptake, whereas the

Inhibitor GABA L-ClUtarnate L-glutamate uptake was stimulated - 500%. High con-
centrations of al- inhibited both the GABA and L-

Nigenicin 2.0 0.3 glutamate uptake. In the absence of a.- the uptake of
Gramicidin 0.8 3.2 GABA was 140% compared with the L-glutamate up-
CCCP 1.6 2.2
DCCD 5.44 take. When 5 mMW a- was added, the GABA uptake
NEM 7.2 7.2 was -25% compared with the L-glutamate uptake. To
Valinomycin >50>5 determine whether this difference was an effect of al-.

we examined the effct of NaCI and K2S04 (data not
A vesicle fraction was incubated in 110 m.M potassium tatrate, shown). NaGl at 5 mMf stimulated the uptake of L-

10 mMTris-maleate(pH 7.4).4 mM MgCi,.2 mWATP. and)I mMl
l'HIGABA Or L-("Hlllglutarnate (5 esCi/esmol). The IC,, values wer glutamate, whereas 5 mMl K2S04j did not have any
calculated with a Multiple Drug Effect Analysis Program (Chou and effect. Addition of 5 mM Naal and KzS0 4 did not
Chou. 1985). affect the uptake of GABA.
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DISCUSSION Uncouplers of oxidative phosphorylation render
membranes permeable to protons. The uncoupler

In the present study, we have examined mechanisms CCCP causes an equilibration of protons across the
of the Mg2*-ATP-dependent uptake for GABA and L- vesicle membrane, thus destroying the electrochemical
glutamate into synaptic vesicles, isolated from rat brain potential (Heytler and Prichard, 1962). CCCP inhibited
by sucrose gradient centrifugation. The uptake of the GABA and L-glutamate uptake.
GABA and L-glutamate was concentrated in the 0.4 Nigericin caused a potent inhibition of both the
M sucrose layer. Vesicular uptake was inhibited by the GABA and L-glutarnate uptake. Nigericin produces an
K'-H' or the Na'-H* exchanger nigericin and the electroneutral exchange of K and H' in the presence
channel-former gramicidin, which would allow move- of K . Protons and K' will travel down their concen-
ment of H' , K', or Na'. The proton carrier CCCP and tration gradients (Toll and Howard, 1978).
the Mge-ATPase inhibitor DCCD inhibited the up- As expected, gramicidin also rendered the synaptic
take, but the vesicular uptake was not inhibited by the vesicles unable to accept GABA and L-glutamate.
K' carrier valinomycin. The vesicular uptake was in- Gramicidin forms a channel across the membrane, and
hibited by the SH-group blocking agent NEM. Addition ions like H', K , and Na' are able to pass. In contrast
of low concentrations of KCI stimulated the uptake of to nigericin, gramicidin caused a more potent inhibi-
L-glutamate, whereas the uptake of GABA was not af- tion of the GABA uptake than the L-glutamate uptake.
fected. The ratio between GABA and L-glutamate up- This may reflect the different charge of GABA and Lo
take (1:4) was the highest ever reported. glutamate; thus, different ions will affect the GABA

The experiments presented in this article support and L-glutamate uptake differently. Toll and Howard
the proposed involvement of a membrane-bound (1978) found that nigericin and carbonyl cyanide p-
Mg -ATPase and a transmembrane pH gradient in trifluoromethoxyphenylhydrazone caused a potent in-
the uptake of L-glutamate and GABA into synaptic hibition of the vesicular uptake. These results strongly
vesicles. These results confirm and extend previous re- support the hypothesis that a transmembrane pH gra-
ports that vesicular uptakes of GABA and L-glutamate dient, generated by a Mg2 -ATPase, is utilized in the
are driven by a proton gradient generated by a Mg 2+- uptake of GABA and L-glutamate into synaptic vesi-
ATPase (Naito and Ueda, 1983, 1985; Kish et al., 1987; cles. In addition, uptake of GABA is insensitive to oli-
Fykse and Fonnum, 1988). Stadler and Tsukita (1984) gomycin and ouabain (Fykse and Fonnum, 1988),
examined the properties of an ATPase in brain vesicles agents known to inhibit the mitochondrial H - and
and even investigated it ultrastructurally. Uptake of plasma membrane Na ,K -ATPase, respectively. Thus,
acetylcholine into synaptic vesicles from the electric the vesicular Mg2 -ATPase is different from these en-
organ of Torpedo (Anderson et al., 1982) and uptakes zymes. The vesicular Mg2+-ATPase belongs to a class
of noradrenaline and 5-hydroxytryptamine into syn- of ATP-driven ion pumps very similar to that described
aptic vesicles isolated from rat brain (Seidler et al., in endosomes, lysosomes, coated vesicles, and plant
1977; Halaris and DeMet, 1978) are dependent on vacuoles (Rudnick, 1986; Kanner and Schuldiner,

Mg'*, ATP, and also a proton gradient. Thus, accu- 1987).
mulation of neurotransmitters by synaptic vesicles is The K carrier valinomycin did not inhibit the
an active process driven by a proton gradient. GABA and L-glutamate uptake. Valinomycin is an

Naito and Ueda (1985) examined the effect of ni- electrogenic K' carrier that should alter an electrical
gericin, carbonyl cyanide p-trifluoromethoxyphenyl- potential across synaptic vesicle membranes without
hydrazone (an uncoupler similar to CCCP), and NEM affecting the pH gradient (Johnson and Scarpa, 1976),
on L-glutainate uptake into immunoprecipitated yes- Toll and Howard (1978) did not observe any effect of
icles from bovine brain. Their results are in agreement valinomycin on the vesicular noradrenaline uptake. In
with ours. Thus, synaptic vesicles isolated from differ- contrast, the results of Anderson et al. (1982) showed
em animals by different preparation techniques be- that valinomycin caused a potent inhibition of acetyl-
haved in a similar manner with respect to these inhib- choline accumulation by synaptic vesicles isolated from
itors. Torpedo electric organ. Their results indicate that a

DCCD inhibits the mitochondrial ATPase (Beechey part of the energy-driving acetylcholine uptake prob-
et al., 1966) and the Mg2 -ATPase activity of synaptic ably is electrical in nature.
vesicles (Toll et al., 1977; Toll and Howard, 1978). Addition of 5 mM Cl- caused a large increase of the
Toll and Howard (1978) also found that DCCD caused L-glutamate uptake. In contrast, the uptake of GABA
a potent inhibition of the noradrenaline uptake. In ad- was not increased by addition of 5 mM Cr. This is in
dition, DCCD inhibits the uptake of GABA and L- agreement with the results of Naito and Ueda (1985)
glutamate, and the ICso values are nearly the same. on L-glutamate. Moriyama and Nelson (1987) have
The thiol reagent NEM, which inhibits the proton purified an ATPase from chromatfin granule mem-
pump activity of chromaffin granules (Flatmark et al., branes. They showed that this enzyme is an anion-
1982, 1985), inhibited the GABA and L-glutamate up- dependent proton pump. The ATP-dependent proton
take to the same extent. uptake activity of the reconstituted enzyme was ab-
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solutelv dependent on the presence of CU- or Br- in HalartS A. E. and DeMet E. M. 1978) Active uptake of [iHlS-HT

low concentrations. Because it is not possible to reduce by synaptic vesicles from rat brain. J .%'r'ehem 31. 591-~597
the E cncetraion oOthee rsult donotexcude Hevtler P. G. and Prichard W. W. (1962) A new class of uncoupling
the l- oncetraionto 0 thse rsuls d notexcude agents-carboxyl cyanide phenrythydrazones. Biochem. Biophvs.

an effect of extremely low concentration of CE- on the Res. Commun. 7.272-275.
uptake of GABA. More experiments have to be done Johnson Rt. G. and Scarpa A. (1976) ]on permeability of isolated
before this can be firmly stated. chromnaffin grnules. I Gens. Physiol. 68. 601-631

In conclusion, the vesicuslar uptakes of both GABA Kanner B. 1. and Schuldiner S. (1987) Mechanism of transport and
and -gltamte avebee shon t bedriensytorage of neurotrainsimitters. CRC Cn. Rev Biochem. 22. 1 -

Mg2*-ATPase proton pumps. The observed difference Kishi P. E., Bovenkerk C., and Ueda T. (1987) Gamma-amino butyric
between the GAfiA and L-glutamrate uptake may reflect acid (GABA) Uptake into Synaptic vesicles. (Absir) I Veurochein
the different charge of GABA and L-glutalnate or dif- 48 (Suppl), S73.
ferent properties of their Me'-ATPase proton pumps. Krnevic K. (1970) Glutamnate and -y-aminobutyric acid in brain.

Lalidesmaki P.. Karpinnen A.. Saarm H., and Winter R. (1977)
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Transport of y-aminobutyrate and L-glutamate into synaptic
vesicles
Effect of different inhibitors on the vesicular uptake of neurotransmitters and on the Mg"'-ATPase

Else M. FYKSE* and Frode FONNUM
Norwegian Defence Research Establishment. Division for Environmental Toxicology. P.O. Box 25. N-2007 Kjeller. Norway

The uptakes of :y-aminobutvrate (GABA) and L-glutamate into synaptic vesicles isolated from rat brain were compared
with respect to the effects of 4-acetamido-4'-isothiocyanostilbene-2,2'-disulphonic acid (SITS). 4.4"-di-isothio-
cyanostilbene-2.2'-disulphonic acid (DIDS) and 5-nitro-2-43-phenylpropylamino)benzoic acid (N144), agents known to
block anion channels. The uptake of glutamate was inhibited by low micromolar concentrations of SITS, DIDS and
N144. GABA uptake was much less sensitive to these agents than was glutamate uptake. SITS and N144 inhibited the
vacuolar H.-ATPase of synaptic vesicles to a smaller extent than the glutamate uptake. The uptake of GABA was not
affected by the permeant anions C" and Br-. whereas the uptake of glutamate was highly stimulated by low
concentrations of these ions. The uptakes of both glutamate and GABA were inhibited by similar, but not identical.
concentrations of the lipophilic anion SCN-.

INTRODUCTION investigate the differences in the mechanisms of the uptake oi
GABA and glutamate in detail, and specially to examine the role

Mammalian brain synaptic vesicles actively accumulate -/- of Cl- and other permeant ions in the uptake of GABA and
aminobutyrate (GABA). glycine and glutamate by a Mg 2 -ATP- glutamate. We have compared the effect of the anion-channel
dependent process. A vesicular Mg2--ATPase generates an elec- blockers 4.4'-di-isothiocyanostilbene.2.2'-disulphonic acid
trochemical proton gradient which is important for uptake of (DIDS) 4-acetamido-4'-isothiocyanostilbene-2.2"-disulphonic
neurotransmitters (Disbrow et al.. 1982: Naito & Ueda, 1985. acid (SITS) and 5-nitro-2-(3-phenylpropylamnino)benzoic acid
Fykse & Fonnum, 1988: Hell et al., 1988: Maycox et al., 1988. (N144) on the uptake of GABA and glutamate and on the
Kish et at.. 1989: Christensen et al., 1990). The Mg2

-ATPase of vesicular Mg'-ATPase activity.
synaptic vesicles belongs to a class of vacuolar H-ATPases
which are responsible for acidification of different, subcellular EXPERIMENTAL
organelles (Nelson. 1986. 1987; Maycox et al.. 1988; Cidon &
Sihra. 1989; Shioi et al.. 1989; Floor et al., 1990). GABA and Materials
glutamate are taken up into different populations of synaptic GABA. L-glutamate (dipotassium salt). ATP (disodium salt),
vesicles (Fykse & Fonnum. 1989) with slightly different affinities. SITS. DIDS and CPG-3000 controlled-pore glass beads of
The K, value for the uptake of glutamate was about I mM (Naito nominal pore diameter 271.7 nm (lot 36F-0650. mesh 120/200)
& Ueda, 1985: Maycox et al., 1988), and the K value for GABA were purchased from Sigma Chemical Co. (St. Louis, MO,
was determined to about be about 6 mM (Fykse & Fonnum, U.S.A.). [2,3-3H]GABA (40 Ci/nmol) and L-[2.3-.Hlglutamate
1988; Kish ei al.. 1989). The evidence for a specific vesicular (25 Ci/mmol) were obtained from New England Nuclear
uptake of GABA, glycine and glutamate supports the notion (Boston, MA, U.S.A.). N144wasagift from Dr. J. 1. Nordmann.
that synaptic vesicles play an important role in amino acid Centre de Neurochirie. Strasbourg, France.
synaptic transmission.

The uptake of glutamate is stimulated by low concentrations Prepartion of snaptic vesicles
of C1- (Naito & Ueda, 1985: Maycox et al., 1988: Fykse et al., Synaptic vesicles were purified from male Wistar rats (200-
1989), whereas the uptake of GABA is insensitive to variations 250 g) obtained from Mollegaard. Ejby, Denmark. For each
in the concentration of Cl- (Fykse et al., 1989; Kish et al., 1989). experiment. 10-15 rats were killed by decapitation, and the
Different groups have reported that ATP hydrolysis generated a brains were quickly removed and kept on ice. Synaptic vesicles
large proton gradient across the synaptic-vesicle membrane at were isolated as described in principle by Whittaker et al. (1964)
high concentrations of CI-. A small proton gradient and a large and in detail by Fykse & Fonnum (1988). Thecrude synaptosomal
membrane potential are reported at low C- concentrations fraction (P,) was osmotically shocked by resuspension in 10 mm-
(Maycox et al., 1988; Cidon & Sihra. 1989). The uptake of Tris/maleate (pH 7.4)/0.1 mM-EGTA and centrifuged at 13000g
glutamate is driven by the membrane potential, since collapsing for 30 mim. The supernatan was laid on the top of 0.4 M- and
the membrane potential by high concentrations of C- inhibited 0.6 m-sucrose solutions and centrifuged in a Contron TST 28.38
the uptake of glutamate (Maycox et al.. 1988; Cidon & Sihra, rotor at 65000g for 2 h. The vesicle fraction was isolated from
1989: Shioi et al., 1989). On the basis of these experiments, a the band containing 0.4 M-sucrose (D-fractionl. The vesicle
direct involvement of C1- in the uptake of glutamate would be a preparations were stored in liquid N, without loss of activity.
reasonable explanation. The purpose of the present study was to This vesicle preparation was used in most of the uptake expen-

Abbreviations used: AChE. acetylcholinestet.se (EC 3.1.1.7); DIDS. 4,4'-di-isothiocyanostilben-2,2'.disulphonic acd; GABA. '-arnno-n-butyric
acid; IC., conn. giving 50% inhibition; NEM. N-"thylmaleimide; N144. 5-nitro-2-(3-pbeylpropylanunolbnzoic acid; SITS. 4-acetamido.-
isothiocyanostilbee. 2.2'-disulpbonic acid.

" To whom correspondence should be addressed.
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ments. The vesicular uptake was not stimulated by Na- (Fykse & RESULTS
Fonnum. 1988). Any contamination by plasma membranes
therefore cannot be of any significance. Furthermore. the uptake E wiecto nhbit o nsar ue
was dependent on Mg and ATP and inhibited by proton Owing to the ability of anions to influence vesicular glutamate
ionophores (Fykse et a/., 1989). uptake activity, the effects of SITS and DIDS. agents known to

To compare the effect of the inhibitors on the Mg -ATPase affect plasma-membrane anion channels (Cabantchik et aL.,
activity and the uptake of GABA and glutamate, the D-fraction 1978), were examined (Figs. la and Ib). Both compounds
was further purified by chromatography on a column inhibited the uptake of glutamate better than the uptake of
(44 cm x 1.6 cm) of CPG-3000 controlled-pore glass beads GABA. The IC,. values for the uptake of glutamate were
in 110 mM-potassium tartrate/10 mM--Hepes (pH 7.4)/0.1 mm- calculated as I 4ust for DIDS and 3.1 aM for SITS. For the
EGTA. The elution rate was I mli/mm. and 3 ml fractions were uptake of GABA. the IC,, values for DIDS and SITS were
collected calculated as 9.9 at and 40 ,M respectively. In the absence of C-

the effect of SITS on the uptake of glutamate was decreased, and
Vesicular uptake of GABA and glutamate the IC. value was calculated as 13 ,M. The effect of SITS on the

This was done mainly as described by Fykse & Fonnum uptake of GABA was not affected by removing CIV. In crude
(1988). The standard incubation mixture (total volume 0.3 ml) synaptosomal fractions of rat brains, the IC, values of SITS for
for assaying vesicular uptake contained 0.25 m-sucrose, 10 mM- the igh-affinity uptake of GABA and glutamate were about
Tns/maleate (pH 7.4) and 4 mm-MgC12 (if not otherwise stated). I mm (E. M. Fykse, unpublished work). This is consistent with
Synaptic vesicles (about 0.1 irg of protein) were preincubated at results of Fosse et al. (1989) on glutamate uptake. Similar results
30 'C for 15 min, and [HI]GABA (I aCi; final concn. I mm) or were obtained with the more specific Cl--channel blocker N144
L-[IHlglutamate (0.5 #C: final conen. I mM) and ATP (final (Wangemann et al., 1986) on the vesicular uptake of GABA and
concn. 2 mm: disodium salt neutralized by Tris base) were added, glutamate (Fig. Ic). The IC,, value for glutamate uptake was
and the mixture was further incubated for 3 min at 30 'C. The calculated as 15, m. whereas for GABA it was calculated as
reaction was stopped by addition of 7 ml of ice-cold 0.15 m-KCI. 150 aM.
followed by rapid filtration through a Millipore HAWP filter Thiocyanate anion (SCN ) is m : hrane-permeant and is
diameter 25 mm, pore size 0.45 ,am). The incubation tubes were

further washed twice with the KCI solution. The filters were
dissolved in 10 ml of Filter Count (Packard), and the radioactivity a,
was determined in a Packard Tri-Carb 2200 liquid-scintillation lo '.- 10.
counter with a counting efficiency of 50-560.. Blanks were -_a
identical with the test solution in each case, but were incubated E 8
at 0 *C. Blank values corresponded to about 10 and 15 °o of the Z 50-
radioactivity retained on the filters for the uptakes of glutamate A 60,
and GABA, and the blank values were 266± 10 and 6 60 \ 50- •

434+ 19 c.p.m. (both n = 20) respectively. The different in- j
hibitors and anions tested were included in the preincubation o-"
mixtures. .

Uptakes of GABA and glutamate were also studied on the 20- "\ 20,
fractions eluted from the CPG-3000 controlled-pore glass .-,
column. In these experiments the uptakes of GABA and
glutamate were measured in the eluton buffer, which also was 0 10"10-- 10-' 10

-
o 1-0 0 1' 10 1o' 10' 10-'

used for the Mg'.-ATPase experiments. [SITSJ (M) DIOS! M)

(c) (d)
Assays for Mg'-ATPase activity, acetylcholinesterase (AChE) 1o- o 100
activity and protein

The Mgl'-ATPase activity was measured at 30 °C mainly as 80

described by Penefsky & Bruist (1984). The incubation mixture 0

for measuring Mgi--ATPase contained synaptic vesicles *

(10-40/#gof protein), 10 mm-Hepes (pH 7.4), 110 M-potassium "
tartrate. 4 mM-MgCI, 2 mM-phosphoenolpyruvate, 20 units each " .
of lactate dehydrogenase and pyruvate kinase/ml, 0.06 mM- 4 *0 40.

KNADH and 3 mM-ATP (pH 7.4) in a total volume of 1225 #l. ,
The conversion of NADH into NAD was measured at 340 nr 2o 1 20-
in a Beckman DU 50 spectrophotometer, and I nmol of NADH I \i.
converted corresponds to I nmol of phosphate used. 0 10-. 0- 10- 0 10-1' lO 100-10 10'

The AChE activity was measured by a radiochemical method [N44l (mi) [KSCNI (M)
(Stern & Fonnum, 1978). The protein content were measured as Fig. I. Effects of S7TS, DIDS. N144 and KSCN m th uptake of GABA
described by Lowry et al. (1951), with BSA as standard. aM gltimnate
Statistsis The activity was assayed as stated in the Experimental section. SITS

(a). DIDS (b), N144 (c) and KSCN Id) were added just before the
The results are expressed as mean values (±S..M.) of absolute preincubation. which lasted for 5 min. In the absence of inhibitors.

uptake or as relative uptakes (as percentage of controls). Groups the uptakes of GABA and glutamate in the presence of 8 mMs-Cl
of data were analysed by Student's I test. The IC. values (concn. were 820 ± 80 in - 13) and 2900-t 200 (in - 19) pmol/min per mg of
giving 5000 inhibition) were calculated from 3 or 4 different protein respectively; in the absence of Cl- the glutamate control

value was 500 ± 100 pmol/mn per mg ofprotein in - 5) in - no ofexperiments with a Multiple Drug Effect Analysis Program experiments). Key: 0. glutamate I-Cl); A. glutamate i-Cl),(Chou & Chou, 1985). 0. GABA (+CV): A, GABA (-C1.
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-Table 2. Effects of SITSand '414 on be uptake ofGABA anud gluiamae
ito vesicles purified on a controled-poe glass column

- 25- 0

20 Fractions were pooled as described in the Results section and in
20 E Table I In the uptake experiments, only fraction 1I was used. owing

4 15- E to the low uptake activity in fraction 1. The uptake was performed
as described in the Experimental section. The results are expressed

asmas S.E.M. of three or four independent experiments
Z 0 . .8 P < 0.05. **P <0.005 by Student's itest. The control values

.,14 for fraction 11 were calculated as 6600-600 and
~ ~ -2 11 tOz 160 peol/rnin/esg of protein for the uptakes of glutamnate

0, 0 and GABA respectively.

a 210-
~ 80 'Vesicular uptake [relative activity i Ii

4 5 so, Inhibitor Glutamate GABA

041 _____010 SITS (I am) 85=4_ 1_1 = 1

a-. SITS (10,.m) 66 82= Q

3,N 1440 Aim) 91 ±6
~N 0 144 (tIO/#M) 61 =9* 

5
z13

0 5 10 15 20 25 30 35 0N 144 (25 Aim) 31± - 55
1 it

Fraction n0

Fig. 2L Chromsatographiy of synaptic vesicles on a column of CPG-3000 the Mgl--ATPase of Torpedo, We have therefore studied the
co"aw n &lwbed effect of SITS on the vesicular %g---ATPase of mat brain. In

The recovery of protein was 51 (a)ii Distribution of \Mg"'ATPase these experiments we used a more purified synaptic vesicle
and AChE. 1b1 Distribution of the uptakes of GABA and glutamate fraction. i.e. synaptic vesicles chromatographed on a controlled-
and protein content. I and 11 refer to the pooled fractions mentionmd pore glass column. A typical run is shown in Fig. 2. The Mg-
in the Results section. ATPase was eluted in two peaks. Traces of AChE, a plasma-

membrane marker were co-eluted with the first peak. The
uptake of GABA and glutamnate was co-eluted with the second

Table 1. Effeets of initibiors on th Msg-.ATPan activity peak, which was almost free of AChE contamination In the
vesicle fraction, specific activity of the Mg2'-ATPasc was enriched

The D-fraction was purified by chromatography on a controlled- t3
pore glass column (CPG-3000). Fractions and17 19-)1and 11 by a factor 2. as compared wit 3-fold enrichment in the uptake
were pooled, and the Mg -ATPase activity was measured as of GABA and glutamate.
described in the Esperimental section. In all experiments, 50Am- To obtain enough material, fractions 13-1 7 (1) arid 19-24!(1)
vanadate. I mm-ouabain and 5 ,ig ofoligoessein BimI were included, were pooled. The effects of SITS and N 144 on the Mg---ATPase
The enzyme activity is espressed as " ., of control, and the data are (Table 1) and the vesicular uptake (Table 2) were examined. In
means ts.E.si. of three independent experiments. The control values these experiments both the vesicular uptake and the ATPase
were 190 =50 and 180 =20 nmol of P, /nun per mg of protein for
fractions I and 11 respectively. The significance of difference was were examined in 110 mM-potasaium tartrate and 10 emm-Hepes.
calculated by Student's titest: *P < 0.05. **P < 0.005. pH- 7.4. The ATPase experiments were done in the presence of

50 /im-vanadate, I mi-oualbain and 5 pg of oligomycin B/ml.
Quabhain and vanadate inhibit plasma-membrane ATPase. and

Mgi.-ATPase [relative activity I 1,)j oligomycin B is known to inhibit the mitochondrial H--ATPase.

Inhibitor Fraction 1(14-17) Fraction It (19-'24) The Mg2*-ATPase of fractions l and 11 was inhibited by 42 and
_____________________________________ 271, respectively by including the three inhibitors. N1I44 had

almost no effect on the ATPasc activity at all, neither fraction I
SITS I I Am) 101 ±5 5= nor 11 (Table I). The uptake of glutamate into fraction 11 was
SITS (10 Am) 90t8 83 = I
SITS (25,.m) 80:t11 69 ±6* inhibited by 78 '0 whereas the uptake of GABA was -inhibited

14 ut m) 102 =7 103 ±3 by 495 by 25S/Am-SITS (Table 2.). The vesicular Mg' -ATPase
N 144 (1,1gm) 9t 01±t22 activity was inhibited by 31 06 by 25Spm-SITS.
N144 (25,.am) 89,9 104.-t4 The vesicular Mg2*-ATPase is known to be inhibited by .V-
NEM (100,.m41 48± 7- 34±2- ethylmaleimide (NEIM) (Grenberg & Flatmark. 1987). In the

presence of 100 pm-NEM the ATPase activity in fraction 11 was
inhibited by 650.. whereas that in fraction I was inhibited by

known to abolish the inside vesicular positive electrochemical 45'.. If SITS (25 jaM) was added in the presence of NEM
potential. The Mg"-ATP-dependent uptakes of both GABA (100 jm) no further inhibition was seen.
and glutamate were inhibited by thiocyanate in a dose-dependent
manner (Fig. I d). The IC,, values were calculated as 3.9 mm and [on-setisitivity of the vesicular uptake of GABA and glutiamate
I1.9 mms for uptake of GABA and glutamate respectively. Different anions were tested for their capacity either to

stimulate or to inhibit the uptake of GABA and glutamate
Vesicullar uptake and Mgl'-ATPas activity in a mor puified (Tables 3 and 4). The experiments were performed in the presence
syuaptic-vesicle fraction of 4 mm-MgSO5, and different anions were successively added.

It has been reported (Diebler & Lazereg, 1985; Rothlcin & Low concentrations of either KCI or KBr hardly affected the
Parsons. 1982) that the anton-transport blocker SITS also inhibits uptake of GABA (Table 3), whereas the uptake of glutamnate was

Voll. 276
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Table 3. Effects of vaus anions; on the veskiaiar uptake of GABA also shown that the inhibitory effect of SITS on the uptake of
glutamate was less potent in the absence of Cl-

A %esicle fraction (D-fractioni was incubated in 025 st-sucrose. Since SITS and N144 inhibited the glutamate uptake more
?0 mM-Tos, maleate (pH " 4),4 mm-MgSO, 2 mm.ATPi, I m.- than hydrolysis of ATP. it is likely that their inhibitor, effect was
('HiGABA (2.9 mCi, renol) for 3 mn at 30 'C The control valuem due to an effect on the glutamate carrier and not on the vesicle
the absence of any of the salts it the table was 830 t 70 po/rin ma n

per mg of proterin in = 6. Data tnteans-s.E.st.( are percentages H--ATPase. This agrees with the general view that the vesicle
relative to the control (nos. of determinations in parentheses). The H-ATPase is a well-preserved structure belonmng to a class of
stimiicance of differences was calculated by Student's I test: enzyme ivacuolar type) responsible for acidification of different

< 0.05. **P< 0.005 intracellular organelles (Nelson. 1986, 1987. Cidon & Sihra
19891. The vesicle H-ATPase is immunologically related io the

GABA uptake relative activity (G,,)) chromaffin-granule enzyme (Cidon & Sihra. 1989). and the
Salt mammalian vesicle H--ATPase closely resembled the vacuolar
added Concn .. I mm 5 mm 50 mM ATPase ofchromaffin granules (Floor et al.. 19901. It is therefore

reasonable to assume that SITS. DIDS and N144 did not
KF 99- 4(4) 95-5141 78t71(4)- primarily affect the Mg 2

-ATPase in the concentration range
KCI 94-=5 (4) 91Z3 i5 76+3 (4)1"  

used in the present experiments.
KBr 95 = 5 (4) 90-814) 53 _.414)** The effect of SITS on the synaptosomal high-alfnity uptake of
KI 95- 74) 84 7(4) 24 ± 3 (4 glutamate was more than 100-fold less potent i Fosse et ai., 1989)
KNO, 7I--l1 4)

*  36:5 4)" 12±3(41** than the effect on the vesicular uptake. This shows the large
differences in the structure of the vesicular transporter and the
high-affinity glutamate transporter of synaptosomes.

Table 4. Effects of different anions on the vesicular uptake of glutamate Agents which affect the Mgi--ATPase. NEM and N.V-dcyco.
hexylcarbodi-imide ('DCCD'), or the electrochemical proton

a vesicle fraction ID-fraction) was incubated in 0.25 M- gradient. carbonyl cyamde m-chlorophenvlhydtazone (CCCP)
sucrose. 10 mm-Tnsimaleate (pH

7 
4)/4 mm-MgSOj/2 im-ATP g

I rm-tL-["H]glutamate (19 mCi/mnmol for 3 main at 30'C. nigecin and gramcidin seems to inhibit the uptake of GABA
Thecontrol value was 560 70in -7) pmol/rin per mgof protein. and glutamate more similar than SITS. DIDS and N 144 (Fykse
The uptake is expressed as percentage of control, and the data are et al.. 1989). The anion SCN- have been shown to inhibit the
means_=s.E.M. (nos. of determinations in parentheses): IP < 0.05. uptake of glutamate and GABA (Shioi et al., 1989 Hell et al.
-P < 0.005 by Student's t test. 1990), and in the present work the uptake of GABA and

glutamate was inhibited nearly to the same extent by SCN-

Glutamate uptake trelauve uptake (o1 The point then arises whether SITS, DIDS and N,144 may
Salt affect the glutamate transporter. The three compounds, although
added Concn .... I mm 5 mm 50 mm only to a small extent N 144, have two negauvely charged groups.

as in glutamate. The distance 1- ., -- "'e groups (C) is, however.
KF 93,9151 553 (4)1* 13 ±7 (4** larger than in glutamate. a, . kId not give inhibition
KC1 320 + 50 (51"" 400 70 (6)- 127-14(41 (Christensen et al.. 1991). In other biological systems such as red
KBr 410-_80 (6) 450 80 05) 54±13 4)" blood cells, the stilbenedisulphonate derivatives SITS and DIDS
KI 200 =40 161°  

160±40 (4) 11 =14 ()" are known to be blockers of anion transport (Cabantchik et al.,
KNO, 180+30(6) 118t34(41 12±2 (4I°  1978). and Cabantchik et al. (1978) have shown that 5--8 .so-

DIDS almost completely inhibited anion exchange in red blood
cells. This is in agreement with the effect of DIDS on the uptake

stimulated about 3- and 4-fold respectively (Table 4). Previously of glutamate. In the absence of CI-, the effect of SITS on the
we have shown that K' had no effect on the uptake of GABA uptake of glutamate was less potent. These results indicate that
and glutamate (Fykse et al.. 1989). KF was a much more potent a C1- channel or a Cl--binding site might be involved in the
inhibitor of the glutamate uptake than of the GABA uptake. uptake of glutamate. This is in agreement with the fact that
Low concentrations of 1(1 and KNO, stimulated the uptake of different anions affected the uptake of GABA and glutamate
glutamate significantly. whereas high concentrations inhibited differently. Low concentrations of several permeant anions such
both uptake systems, as CI-, Br- and I stimulated the uptake of glutamate. which are

To examine if SO,' - had any effect on the vesicular uptake, we in agreement with Naito & Ueda (1985). Low concentrations of
used Mgi.-ATP salt in the incubation mixture. Also in this case F- inhibited the uptake of glutamate significantly. In contrast,
the uptake of GABA was not stimulated by addition of low low concentrations of permeant anions did not stimulate the
concentrations of Cl-. whereas the uptake of glutamate was uptake of GABA in the preparations, which is consistent with
highly stimulated, as before. the effect of Cl" on the uptake ofGABA (Fykse et al., 1989; Kish

et al.. 1989). In contrast. Hell et al. ( 1990) found a 40%. decrease
DISCrssION in the GABA uptake in the absence of CI-: maximal uptake wasobserved in the range of 4-50 mm-CI ions. Even in the experi.

In the present study we have shown that the agents SITS. ments where we added Mgi " as Mgi--ATP to avoid SO,-- in
DIDS and N144 were about 10 times more potent in inhibiting the incubation mixture, we did not find any stimulation of the
the Mgi--ATP-dependent uptake of glutamate than the corre- GABA uptake by CI-. The uptake of glutamate was highly
sponding uptake of GABA into vesicles. The effect of SITS and stimulated as before. All results indicate at least a different
N 144 could not be explained by an effect on the vesicular Mgi"-  anion-sensitivity of the uptake systems for GABA and glutamate.
ATPase. since the Mgi*-ATPase was less inhibited than the We also tested the more specific anion-channel blocker N144
vesicular uptake of glutamate. In addition, we have extended the (Wangemann et a).. 1986), since some of the present results
previous findings of Naito & Ueda (1985), Fykse et al. (1989) and support the idea that a Cl- channel might be involved in the
Kish et al. (1989) that the vesicular uptakes of GABA and uptake of glutamate. The effects on the uptake of GABA and
glutamate have different sensitivity to permeant anions. We have glutamate were in agreement with the effects of SITS and DIDS

1991
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Dasanithi & Nordmann 1989) found that N 144 caused release Christensen. H.. F~k~e. E, 'A & Fonr-.m, F 11990) 1 Neurocem. 54.
of %asopressin from rat pet-meabilized neurohvpophysial nerve 142-1147
endings. and they concluded that a Cl channel was involved in Chtristentsetn. H.. F.skse. E. M. & Fonn-m. F t1991i Ear J Pharinacal..
the release process. They found the IC,, value to be 5 aMi. Release in the press

Cidon. S. & Neison. N, (1982) J, Bioenerg Biomembir 14. 499-512
ot adrenaline from chromtaffin granulles has also been shown to Cidon. S & Sihra. T (199 J. Biol Chem. 264.-1281-sA5
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chromaffin granules and concluded that up to a concentration if Res. Commun. 108. 1221-1227
0 asm-SITS the inhibition was due to a blockagze of a Cl Flo.E.e,!a PS&ShferS.F190JNuocm5.

channel. Fosse. V M.. Heggelund. P & Fonnum. F 119891 1J Neuroici. 9.
To explain the different effects of SITS. DIDS and N144 on 426-435

the neurotransmsitter uptakes. a direct effect on at least part of Fvkse. E, M. & Forinunt. F 1988) 1. Neurochem. 50. t23 '-4:
the glutamate transporter seems to be a reasonable explanation. Fvkse. E. M.. & Fonnum. F 11989) Neuros.- Letit 99. 38-

The effecs of low concentrations of pet-meant anions on the FYkse, E.-Christensen, H & Fonnut. ir 1989) J Neuiochem 52.
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The ATP-dependent uptake of GABA and L-glutamate into synaptic vesicles isolated from 4 different
regions of the rat brain was studied. The regional distribution of the vesicular uptake was related to the
Na* -dependent synaptosomal uptake, which, as a first approximation, corresponds to the distribution of
GABAergc and glutamatergic terminals. The ratio found between the vesicular GABA and L-glutamate
uptake varied between 1.3 and 6.2. This indicates that GABA and L-glutamate are taken up into different
vesicle popul ittons.

There is now substantial evidence that the amino acid neurotransmitters y-amino-
butyrate (GABA) and L-glutamate are specifically taken up into mammalian brain
synaptic vesicles [1, 6, 9. 10. 12]. The uptake is highly dependent on Mg 2*, ATP and
a transmembrane pH gradient. The vesicular uptake differs from glial and synaptoso-
mal uptake in that it is not inhibited by inhibitors of these uptakes. and that it is
not stimulated by high concentrations of NaC [6,9, 10]. GABA uptake is more labile
than the L-glutamate uptake, and has been difficult to demonstrate. Thus in an at-
tempt to isolate vesicles by immunoprecipitation, the uptake of GABA was lost [9].
Subcellular fractionation based on hypo-osmotic shock of synaptosomes results in
vesicles with stable GABA uptake [6-8].

Previous studies on vesicular uptake have mostly dealt with the uptake into synap-
tic vesicles isolated from the whole brain [1, 6. 7, 9, 10]. In the present study we have
compared the uptake of GABA and L-glutamate into synaptic vesicles and synapto-
somes isolated from different brain regions. The object was to see if the regional dis-
tribution of the vesicular uptake of L-glutamate and GABA differ, and if the vesicular
uptake is correlated with the distribution of GABAergic and glutamatergic terminals.
Such findings would also indicate that the two uptake processes are specific.

Corre.pn mdence E.M. Fykse. Norwegian Defence Research Establishment, Division for Environmental
Toxicology. P.O Box 25, N-2007 Kjeller. Norway
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Brains from 10 male Wistar rats weighing 200-250 g were removed after decapi-
tation. The brains were dissected into 4 regions, cerebral cortex, cerebellum, medulla
and subcortical telencephalon (i.e. forebrain after removal of cortex). The vesicular
uptake is low and requires a large amount of material, preventing a separation of
the brain into several other regions at the present time. A 10% homogenate was made
in 0.32 M sucrose, 10 mM Tris-maleate (pH 7.4) and 1.0 mM EGTA. After centrifu-
gation of the homogenate at 1000 g for 10 min, the supernatant was made 0.8 M
in sucrose and centrifuged at 20,000 g for 30 min. This allows the separation of mye-
lin and microsomes from the synaptosomes. The crude synaptosomal pellet was
osmotically shocked by resuspension in 10 mM Tris-maleate (pH 7.4). After 10 min.
sucrose was added to 0.3 M, and the solution was centrifuged at 17,000 g for 30 min.
The supernatant, enriched in synaptic vesicles [13], was used for vesicular uptake
studies. The variation in vesicular proteins per gram original tissue of each brain re-
gion was not significant. The average protein contents were 1. 10, 0.90, 1.00 and 1.10
mg protein per gram original tissue in cerebral cortex, cerebellum, medulla and the
subcortical telencephalon respectively. The crude synaptosomal fraction was sub-
jected to high affinity uptake of GABA and L-glutamate.

Vesicular uptake of [3H]GABA and L-[H]glutamate was determined as described
by Fykse and Fonnum [6]. Synaptic vesicles (100-160 pg protein) were incubated
with I mM [3H]GABA or L-[ 3

H]glutamate (5 mCi/mmol), 2 mM ATP (disodium salt
neutralized with Tris base) and 4 mM MgCI2.The vesicles were preincubated at 30'C
for 15 min before incubation with ATP and tritiated neurotransmitter for 3 min at
30'C. The reaction was stopped by filtration through a Millipore HAWP filter (24
mm. 0.45 pm), and the radioactivity was determined in a Pachard Tri Carb 2200
Liquid scintillation counter with a counting efficiency of 54-58%. Blanks were treated
similarly, but were incubated at 0°C. The blank values were 548 ±18 cpm (n= 64)
for GABA and 516 + 17 cpm (n =62) for L-glutamate. The blank values corresponded
to about 55% and 30% of the radioactivity retained on the filters for the GABA and
L-glutamate uptake respectively. The blank values did not vary significantly among
the different brain areas.

High affinity uptake of GABA and L-glutamate into synaptosomes was measured
as described by Fonnum et al. [5]. TwouA crude synaptosomal fractions (containing
3-5 pg protein) were added to 0.5 ml Tris-Krebs medium containing (mM): Tris 15.
NaC1 140, KCI 5, CaCI2 1.2, MgSO4 1.2. Na2HPO4 1.2, glucose 10, pH adjusted to
7.4. The mixtures were preincubated for 15 min before incubation with 75-80 nM
tritiated transmitter (20-30 Ci/mmol) for 3 min at 25°C. The uptake was terminated
by filtration in a Skatron cell-harvester with a glassfiber filtermat.

In this study we have investigated the uptake of GABA and L-glutamate into a
crude vesicle fraction isolated from different brain areas (Table I). We have con-
firmed that with this procedure the uptake was highly dependent on ATP and inde-
pendent of Na + ions, showing the absence of plasma membrane uptake systems [6].
Separate experiments showed that the uptake was linear up to 3 min and linear with
protein concentration.

In order to investigate if the distribution of vesicular uptake corresponded with
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TABLE I

UPTAKE OF GABA AND L-GLUTAMATE INTO SYNAPTIC VESICLES ISOLATED FROM DIF-
FERENT BRAIN AREAS

A crude vesicle fraction was incubated in 0.32 M sucrose. 10 mM Tris-tnaleate (pH 7.4), 4 mM MgCI:.
2 mM NazATP and I MM L-[3HJlutamaie orfI-IlGABAS (5 Ciimmoll for 3 min at W0C. Data are means
- S.EM. from 6 different experimentts.

Region Vesicular uptake (pmol/minlg original tissue)

GABA L-Glutaxnate Ratio L-GIu;GABA

Cerebral cortex 63 ±11 388 t 58 6.2Z
Cerebellum 48±13 186±25 3.9
Medulla 144±31 188±43 1.3
Subcortical telenicephalon 216±35 459 ±55 2.1

the distribution of glutamatergic and GABAergic terminals. we studied the sodium-
dependent synaptosomal uptake into the same regions (Table [1). The ratio between
GABA and L-glutamate uptake into synaptic vesicles corresponded well with the ra-
tio between GABA and L-glutamate uptake into synaptosomes from the same re-
gions. The uptake of L-giutamate into synaptic vesicles was highest in the cerebral
cortex and also in the subcortical telencephalon containing among others striatal and
thalamic regions. These are regions known to be rich in glutamatergic terminals [3,
1l]. The uptake was lower in cerebellum and medulla. The regional distribution of'
the vesicular uptake Of L-glutamate was in agreement with the synaptosomal uptake
of L-glutamate. except that the synaptosomal uptake in cerebral cortex was twice the
uptake in the subcortical telencephalon. The area which showed the highest vesicular

TABLE 11

UPTAKE OF GABA AND L-GLUTAMATE INTO A CRUDE SYNAPTOSOMAL FRACTION ISO-
LATED FROM DIFFERENT BRAIN AREAS

A crude sytiaptosomal fraction was incubated in Krebs solution and 75 nM PH]C3ABA 124 Ci, mmoll or

80 nM L-I'Hlglutamate (25 Ci/mtnol) at 25'C for 3 min. Data are means t S.EM. from 5 different expert-
meits

Region Synaptosotial uptake (pmiolttmnig original tissue)

GABA L-Glutamnate Ratio
L-Glu, GABA

Cerebral cortex 344±47 1852±9 54
Cerebellum 107±29 468 ±58 4.4

Medulla 122±t 14 245±26 2.0

Subcortical telencephalon 344± 64 934±64 27
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uptake of GABA. was the subcortical telencephalon. This corresponded well with

the distribution of the synaptosomal GABA uptake. The subcortical telencephalon

contains among others hypothalamus, gobus pallidus and substantia nigra, which

are regions known to be rich in GABAergic neurons [4, I11.

As previously described, the vesicular GABA uptake is not inhibited by L-gluta-
mate, and the vesicular L-glutamate uptake is not inhibited by GABA (6, 10). This
indicates that GABA and L-glutamate are taken up at different sites of synaptic vest-

cles. In this study we found a different ratio between L-glutamate and GABA uptake

into different brain regions. This supports the notion that GABA and L-glutamate

are taken up into different vesicle populations. Recently, ATP-dependent L-gluta-
mate uptake in the cerebellar synaptic vesicle fraction was reduced by about 60% in
mice lacking granule cells, but not in mice lacking Purkinje cells [2]. These results
point in the same direction as ours.

The vesicular uptake ratio L-glutamate;GABA in cerebral cortex was 6.2. which
indicates that the GABA uptake is 16% compared to the L-glutamate uptake. In
medulla the ratio L-glutamate/'GABA was only 1.3, which means that the uptake of

GABA is 77% compared to the L-glutamate uptake. The ratio found between GABA
and L-glutamate uptake in medulla is the highest ever reported.

We therefore conclude that the vesicular uptake of GABA and L-glutamate corres-

ponds with the expected distribution of GABAergic and glutamatergic terminals.
These results support the idea that GABA and L-gjutamate are taken up into differ-

ent populations of synaptic vesicles. At present, our working hypothesis is that the
vesicular uptake is the key factor in differentiating between different amino acids as
transmitter candidates in specific terminals.

The authors are grateful to Ms. E. Grini Iversen for her excellent technical assis-

tance.
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Inhibition of -y-aminobutyrate and glycine uptake into synaptic vesicles
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The substrate specificity of vesicular GABA and glycine uptake was studied in vesicle fractions from brain and spinal cord.
respectively. Glycine. fl-alanine and y-vinvi-GABA were Competitive inhibitors of the GABA uptake by synaptic vesicle., in brain
Likewise GABA and fl-alanine turned out to be competitive inhibitors of vesicular uptake of glycine in spinal cord. The apparent
K, values were in the s.'xtL e range as the respective K., values for the transport systems. Accumulation of different amiuno acids were
examiuned. and the structurally related amino acids GABA. P-alanine and glycine were all taken up by both vesicle fractions In the
present study. we suggest that there are sirrularities in the vesicular transporters for GABA and glycine. and the two amno acids
are probably taken up into the same vesicle population. The k., factor in differentiating between GABA and glyctne as
transmitters in the terminals could be the synthesis and the high-affinity synaptosomal uptake.

Synaptic vesicles: Glycine; GABA; Vesicular uptake

1. Introduction that of glial cells and synaptosomes (Christensen et al.,
1990 Fykac and Fonnum. 1988).

y-Amninobutyrate (GABA) and glycine are regarded Kish et al. (1989) have recently suggested that uptake
as the major inhibitory neurotransm-itters in the of GABA and glycine into synaptic vesicles are distinct
vertebrate central nervous system (CNS). GABA is a from each other, We have recently shown that a high
transmitter in both the upper and lower part of the concentration of GABA and j3-alanine inhibited the
CNS. whereas glvcine is an established transmitter in uptake of glycine into a vesicle fraction from spinal
the lower part of the CNS (Aprison and Nadi, 1978; cord (Christensen et al.. 1990). In the present stuidy we
Fonnum. 1987). The high-affinity uptake of the two have therefore examined the substrate specificity of the
amtino, acids over plasma membranes differs between vesicular transporters of GABA and glycine in brain
different regions of CNS (Johnston and Iversen. 1971). and spinal cord, respectively. The uptake of 8-alanine,
Furthermore, the plasma membrane uptake of GABA is taurine and aspantate into vesicles has also been ex-
reported not to be inhibited by glycine and vi~e versa ainined
(Balcar and Johnston. 1973). Postsynaptically both neti-
rotransmstters lead to inhibition by an opening of chlo-
rtde channels. The receptors for the two aminoi acids 2. Materials and methods
show sequence homology (Barnard et al., 1987).

ATP-dependent GABA and glycine uptake in brain 2. 1. Materials
and spinal cord synaptic vesicles, respectively, has re-
cently been demonstrated (Christensen et al., 1990;
Fykse and Fonnum. 1988: Hell et al.. 1988: Kish et al., GABA. i-glutamate (dipotassium salt). L-aspartate
1989). The accumulation of the two inhibitory trans- (disodiusn salt). glycine. tauriste. fl-alanine. L-alanine.
mitters is driven by an electrochemical proton gradient L-serine, N-rnethylalanine. N-methylglycine (sarcosine).
genet 1J % by a similar Mg2>-ATPase. The uptakes are allylglycine. guanidino-propionate -y-vin. l-GABA.
not stimulated by Na' and appear to be different from nipecotate diaininobutyrate (DABA). strychnine and

ATP (dtsodium salt) were purchased from Sigma Chem-
ical Co. St. Louis. MO. U.S.A. [3-3H(N)J#-alanine (120
Ci/mnsol). [2.3_3 HIGABA (40 Ci/mnsol). [3Hlglycine

Correspondence to H. Christensen. Norwegian Defence Research (53.3 Ci/mnsol), L.-[2.3_3 Hlaspartate (14.9 Ci/ manol).
Establishment. Division for Environmental Toxucology. P 0. Bo 25. L-(2.3- tHlgutamate (25 Ci/ninol) and (2- 3H(N)Jtaurine
.4-2007 Kjetler. Norway. (20.1 Ci/nimol) were from New England Nuclear.
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2.2. Preparation of 5vnaptc uesicles but incubated at 0°C. Blank values did not vary signifi-
cantly under the different treatments. The blank values

In each expenmet 10 male Wistar rats (200-250 g) for the uptake of different amino acids into brain
were killed by decapitation, and the brains and the vesicles were: GABA. 374 + 14 cpm; glycine, 396 t 30
spinal cords were quickly removed. Synaptic vesicles cpm,/-alanine. 418 = 17 cpm: glutamate. 205 t 23 cpm.
were prepared as described by Fykse and Fonnum The blank values for the uptake into spinal cord syn.
(1988) and Christensen et al. (1990). Homogenates (10%) aptic vesicles were: GABA, 410 ± 45 cpm; glycine, 363
from both brain and spinal cord were made in 0.32 M ± 12 cpm; P-alanine, 376 ± 61 cpm glutamate, U)2 _
sucrose, 10 mM Tris-maleate (pH 7.4) and 1.0 mM 44 cpm. The values corresponded to about 10-30% of
EGTA. The homogenates were centrifuged 10 nun at the radioactivities retained on the filters, bit binding of
800 x g, and the supernatants were centrifuged at the substrate to the filters accounted for 70% of the
15,500 x g for 30 nun to obtain P. fractions (crude blank values. Assays were carried out in duplicate. The
synaptosomal fractions). The spinal cord supernatant test agents were added in the preincubation mixture.
was made 0.8 M in sucrose before centrifugation, to Strychnine was dissolved in absolute ethanol (1.5%l,
remove myelin and microsomes from the P. fraction, and ethanol in this concentration inhibited the vesicula
The crude synaptosoma fraction from both brain and uptake of glycine by 11%. The uptake of 3 Hjtaurine
spinal cord were osmotically shocked by resuspension in (1.5 ACi), [3H]/3-alanine (1.5 ACi), (3H]L-aspartate (1.5
10 mM Tns-maleate (pH 7.4) and 0.1 mM EGTA, and ACi) and [3H]L-glutamnate (0.5 uCi) was assayed in the
the solutions were centrifuged at 13.000 x g for 30 min. same way in the presence of i mM of the respective
In the spinal cord experiments this supernatant was amino acids. 2 mM ATP and 4 mM MgCI2 . In the
made 0.30 M in sucrose and used in the vesicular spinal cord uptake experiments 1.5 tCi of ('HIL-

uptake studies. The supernatant from the brain prepara- glutamate and ['H]GABA were used. The uptake was
tion was laid on top of 0.4 M and 0.6 M sucrose linear over the protein ranges used for both brain and
solutions and centrifuged in a Contron TST 28.38 rotor spinal cord vesicles. Protein was determined according
at 65.000 x g for 2 h. The vesicle fraction was isolated to Lowry et al. (1951) with bovine serum albumin as
from the band containing 0.4 M sucrose (D-fraction). standard.
The vesicle preparations were stored in liquid nitrogen 2.4. Calculations and statistics
without loss of activity. The vesicular uptakes were not
contaminated by plasma membrane uptake, since they Results are expressed as mean ± S.E. of absolute or
were not stimulated by Na' (Christensen et al., 1990; relative uptake (as percent of controls). Groups of data
Fykse and Fonnum. 1988; Fykse et al., 1989). Further-
more the uptakes were dependent upon Mg'* and ATP TABLE I

and inhibited by proton ionophores. Effects of different agents on the vesicular iptake of GABA mto
synaptic vesicles isolated from brain The vesicle fraction was in.

cubitied in 0.30 %1 sucrose, 10 mM Tnis-maleate p-I 7.4), 2 mM ATP.
2.3. Assay for vesicular GABA and glycine uptake 4 mM MgCIz and I mM (iHI(ABA (1 iCi) at 30

0
C for 15 mm.

The different test agents, m 5 and 10 mM concentrauons. were added

Uptake of GABA into brain synaptic vesicles and to the premncubaton naiure. The control value for the vesicular
glycine into spinal cord vesicles was assayed as previ- uptake of GABA was 954± 82 pmol/nun img of protein tn -10)
ously described (Christensen et al., 1990: Fykse and Data are expressed in percent of control (meart ± S.E for the number

of desernunaioon given in panthess

Fornum. 1988). Synaptic vesicles 0,.1-0.2 mg of pro-

tein) were preincubated for 15 mn at 30C in 0.30 M Test agents GABAuptaket')

sucrose. 10 mM Tris-maleate (pH 7.4), 4 mM MgCI 2  5 mm 10 mM

and the test agent. The vesicles were incubated for 1.5 DABA 94 ±9 (S 71 t 11(5)

min (brain) or 2 min (spinal cord) with 25 A1 of a Nipecotate 88±7(5) 81± 4(5)

substrate solution containing ATP (final concentration L-Glutsmate 105 ± 7 (5) 105 ± 5 (5)
S2 maM) and [5H]GABA (final concentration - 1 maM; L-Aspartate 97 ± 5 (5) 94± 3 (5)Guanidino-propionate 95 ± 4 (3) 77± 7(3)
IACi) or [3 Hgycine (final concentration 1 mM: 1.5 Alvlglycise 90±9(4) 68± 5(3)

1aCi). Uptake was terminated by addition of 7 ml of GVG 39t±5(6) b  
27± 4(5) b

ice-cold 0.15 M KCI immediately followed by rapid N-Methylglycme 91± 3(3)
filtration through a millipore HAWP filter (diameter 25 N.Methvialamne 97 ± 3(3)
mm, pore size 0.45 Am). The incubation tubes and the :.senne 14±10 (3)

Taunne 109 ± 8 (3)
filters were washed twice with 0.15 M KCI solution. The L-Alanine 73± 6(5)

filters were dissolved in 10 ml of Filter Count, and the Glyone 54±9 (4'1 34± 9 (4 )S

radioactivity was determined in a Packard Tn-Carb A-Alanme 60 ± 714) 39t± 9 (3)

2200 liquid scintillation counter with a counting ef- GABA 22 ± 2(3) b

ficiency of 50-56%. Blanks were treated in the same way * p < 0.0i. P 0.001. by Student's t et.
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Fi.I Double-reciprocal prots if the vesicular uptake of GABA or glycine against the concerittation of GABA or glvcine in the absence and in the

presence or different stnsctural analogues. A. B and C show the uptake of GABA into svnaptit vesicles from brain D shows he vesicular uptake of
glycine into a spinal cord prepurai. The different inhibitorst added wten iAt $-alarune (81 gincine. (C) GVG. and (Dl 0-alancr. The apparent
K, values for the GABA uptake we.- calculated to he 6.6 mM for j3-alanine. 3'1 mM for glvctne and L8 8mN for GVG T'he apparent K. value for
the glycine uptake was 3 7 mM tor fi-alanine Synaptic vesicles isolated front brain ar spinal cord weere incuibated aa described in Miaterials am.r
methods. In these kinetic espertesents the concentration of GABA was vanied between 0)5 and 10 mM. and the concentration of glycine was vnred

between I and 20 mM. Each poini represents 'he average of at least three separate expertitents.
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,~ere inalized h% Student', riest. All fieures show TNBLE 2

mean, values from at least three different independent Effects o different agents .tn the .esicular uptake of 2)vcine ni.,

experiments. Linear regression anal,,sis was performed. snaptic vesicles -iiated from spinal ord The ,esacic fracion was
incubated in 51) t% sucrose. 1i m.% ris-maittaie 4 m\4 MaC),.
mM AtTP and I mM j Hlglvcine iI i uCii The different test agents,

,n and 10 m.M yoncentrations. were added to the prencubation
3. Results mixture The test tubes -cre incubated at 3f0 C for -, nun T'he

control value in the absence of test agents was 432 - 1t proof on i

1.1. Substrate specific i for GA.4 uptake intto brain ,f protein in -15t Data are presented a ntSE iii relative

5Vnaptic vesicles uptakes. expressed in percent ol control in each expenmeni The
number of dleterinoations is given in parentheses

In order to examine the spectficitv of the vesicular Test agents Giscine uptake i

GABA translocator. different GABA and glycine ana- mMl 10 MM
logues were tested for thetr ability to inhibit the uptake DABA s 25

of GABA (table 1). Diarnunobutyrate (DABA) anid 'lipecotate 64 5 .4,

nipecotate. agents known to inhibtt the sodium-depen- Stirvchntne 11 =.t.4t

dent GABA uptake by plasma membranes (Krogs- AiNiglvctne SO0 1 S

guard-Larsen and Johnston. 1975), had almost no effect Nl.Vethvlglycine I!' - [6 3)

on the vesicular uptake of GABA. The GABA ana- \-Methsvialantne 100:- 4,3,

lcogues, guantino-proptonate and aillglycine had only L-Sen-ne 9:-

a small effect on the uptake of GABA. In contrast. Taunne 94

y-vtnsl-GABA iGVG) had a very potent inhibitort L-Aiamune- 4

GABA 4a".,
effect. The effect of GVG on the vesicular uptake of /S-Alaritne 35- ai) .
GABA appeared to be competittve (fig. 1). The ap- Giscie 4s 3,;

parent K, value was calculated to be 1.8 mM. P<00Lb tdn' et
The structural analogues N-methylglycine and N PvS-.h Suei et

methylalanine did not inhibit the ',esicular uptake (table
I ). In additior.. the arruno acids L-sertne and taunne taunne had no effect either However. vesicujar alvcinc
had no inhibitory effect either L-alaninie inhtbtted the uptake was highl,, inhibited hr. the structurall. related
uptake by Z7qO. The acidtc amiuno acids L-glutamuate and aioaisG B n -lme -lnn a ls
L-aspartaic: at 5 and 10 mM did not affect the uptake of potent than zhe others.

GABA.Further investigattons indicated a competitive inhabi-
The amiuno acids glycine and 8-alarune were potent t~on by, fi-alanine on the uptake tof glycine i fig Ii). The

inhibitors of the uptake of GABA (table 1). a id the apparent K, value was calculated to-be 3.- m\.l- The
inhibition turned out to be competitive (fig. 1). Ap- effect of GABA on vesicular uptake )f glvcitte also
parent K. values were calculated to be 3.7 aid 6.6 mM. seems to be competitive. bat due to high inhibition the
respectively.

3.2. Siabstrate specificit for gilvcine uptake into spinal TABLE 3
cord st'nciptic vesicles Vesicular uptake of different amino acids. Svnaptic vesicles from rat

brain and rat spinal cord were prepared anid incubated ith radtoiac
To examine the specificity of the glycine translocator tixe amano acids (concenitration -I mMi as descnbed in Nvatrtals

in spinal cord. some GABA and glycine analogues were and methods The sptnal cord vesrcles were incubated for nut.., whie

used. Addition of DABA had little effect on vesicular the brain viestcles were incuhated for 1 5 nun. All) incubation mitiures
and ipeotae inibied ptak by36% contatned 2 mM % -P aind 4 mM .MgCI, and were incubated at 3(1

glycine uptake. an ieoaeihbtdutk y3% Blanks wer.. treaied the same wav but incubated at O'C Data are
table 2). The GABA analogue allylglycirie had only a inearS.E. values The number of dleterminations are gtven in

small effect on the uptake, while the branched chain parentb ses
amino acid GVG was a potent inhibitor of the glycine Arui actd vesicular uptake
transport. Ti glycine receptor antagonist strychnine (pencl. nun. mg of protein)
caused considerable inhibition when present in a high Spinal cord Brain
concentration (5 mM).

Th efetofvaiusstucualy eatd nL-Otatamate 686±57 16i 25804 =h tat 4
Th efet f arou srutualy elte laino acids GABA 764± 7 5) 954± 82 i10

on the uptake of glycine into synaptic vesicles from Glscme .502=23) 88 a= t9 13
spinal cord was examined. Table 2 shows that addition fl.Atatme _'61 ± 26 13 31 =t~ 03 0)
of a high conicentration of the N-substituted amiuno L-Aspaetate N.D. 03 ND. i3i

acids N-methylalanine or N-methylglycine did not af- Taurine ND. *31 ND. 0)

fect uptake of glycine. The amnino acids L-serine and *Not detected
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K value for GABA was estimated to be 3 inM. GABA the inhibition experiments carried out by Kish et al.
turned out to be a slightly better inhibitor of the glycine (1989) using 150 AM GABA and glycine and 10 nun
uptake than /3-alanine (table 2). incubation time. At 10 rmn the two uptake systems are

saturated. Under these conditions, which are not kinet-
3.3 Uptake oJ different amino acids cally satisfactory. GABA and glycine at 5 mM did not

inhibit the uptake of glvctne and GABA. respectively
Due to the ability of the structural analogues glycine, (results not shown). Previously we did not find any

/3-alanine. GABA and GVG to compete with vesicular effect of 10 mM fl-alanine on the vesicular uptake of a
uptake of GABA and glycine, we found it interesting to low concentration (44 1AM) of GABA into rat brain
compare the uptake of radioactive glycine. P-alantme. synaptic vesicles (Fykse and Fonnum. 1988). The lack
GABA. L-glutamate. L-aspartate and taunne into syn- of inhibition in these experiments was probably due to
aptic vesicles from both brain and spinal cord (table 3). the different kinetic conditions used (Fykse and Fon-
The uptake of glycine and )3-alanine into brain vesicles num, 1988 K.ish et al.. 1989). The concentrations were
was almost the same and constituted about 50% of the far below the apparent K, values, which are about 6
GABA uptake. Extract from vesicles subjected to /3- and 8 mM for GABA and glycine uptake, respectively
alanine uptake was analyzed by HPLC. and at least 70% (Chnstensen et al.. 1990: Fykse and Fonnum. 1988:
of the radioactivity travelled with the /3-alanine peak. Kish et al., 1989).
Previously the same has been shown for GABA and The uptake of GABA into brain vesicles was compe-
glycine uptake (Christensen et al.. 1990: Fvkse and titively inhibited by both /3-alanine. glycine and GVG.
Fonnum. 19881. Taurine and L-aspartate were not taken Likewise the uptake of glycine into spinal cord sy-,aptic
up by the vesicle fraction. Uptake of glutamate was also vesicles was found to be inhibited by 03-alamne, (,ABA
investigated, and it was found to be about three-fold and GVG. GABA. /3-alanine and glycine show great
higher than the GABA uptake. In the spinal cord ex- structural similarities. The inhibito constants (K,)
periments, however, the uptake of glutamate and GABA were found to be in the same range as the Michaelis-
were simlar, and they were found to be higher than the Menten constants (K.) for the uptake of GABA and
uptake of glycine and /3-alanine. Aspartate and taurine glycine (Christensen et al., 1990: Fykse and Fonnum.
were not accumulated at all. The uptake of /3-alamne 1988; Kish et al.. 1989). In contrast, glutamate had no
into both vesicle fractions was totally abolished when effect on the uptake of GABA by synaptic vesicles from
ATP was removed from the incubation mixture (results brain. Earlier we tiave reported that the vesicular uptake
not shown). of glycine in spinal cord was not affecteu Dy giutamate

(Christensen et al.. 1990). which is in agreement with
Kish et al. (1989).

4. Discussion Since fl-alanine. glycine and GABA are competitive
inhibitors of vesicular uptake, with K, values in the

We have examined the substrate specificity of the same range as the respective K. values, it was interest-
uptake of GABA and glycine into rat brain and rat ing to see if these agents were taken up into svnaptic
spinal cord synaptic vesicles. respectively. Uptake of vesicles isolated from brain and spinal cord separatel,.
GABA was mainly studied in synaptic vesicles isolated The uptake of fl-alanine and glycine into synaptic
from rat brain by sucrose gradient centrifugation. Up- vesicles from brain was similar, but only about half of
take of glycine was studied in synaptic vesicles isolated the uptake of GABA. Synaptic vesicles isolated from
from spinal cord. The spinal cord synaptic vesicles were spinal cord were able to accumulate fl-alanine. GABA
less pure than the brain vesicles (no gradient). but the and glutamate in addition to glycine. Taunne and t-
myelin and membrane contamination were removed aspartate were not taken up into synaptic vesicles neither
dunng the isolation. Synaptic vesicles from spinal cord from brain nor from spinal cord. These results indicate
were also isolated by sucrose gradient, and the fraction that the structural analogues O-alanine. glycine and
which contained vesicles showed similar properties (re- GABA all acted as substrates in both vesicle prepara-
suits not shown), tions, and the amino acids were therefore probably

The present study showed that GABA competitively taken up into the same vesicle population. On the other
inhibited the uptake of glycine. and glycine was a hand, glutamate and GABA have been shown to be
competitive inhibitor of GABA uptake. Kish et al. taken up into different vesicle populations isolated from
(1989) did not find any significant inhibition of GABA different brain regions (Fykse and Fonnum. 1989).
and glycine on the vesicular uptake of glycine and Aspartate, which has been suggested to be a transmitter
GABA. respectively. They suggested therefore that the in spinal cord interneurons (Davidoff et al.. 1967). was
uptake of the two amino acids were different. They did not taken up Into synaptic vesicles from brain or spinal
not find an inhibition of the GABA and glycine uptake cord. rhe fact that as ,artate was not taken up by the
by other structural analogues either. We have repeated vesicles is in agreement with the results of Naito and
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Leda (1983). These results have severely weakened the al.. 1970). Due to the lack of specificity of the vesiculai
position of aspartate . , a transmitter. The results of GABA and glycine uptake. the key factors in differenti-
Nicholls (1989) that e idogenous aspartate is not re- ating between GABA and glycine as transmtters in
leased in a Ca -- dependent manner from cortical syn- specific terminals seem to be both the svnthesis and the
aptosomes, also speak strongly against aspartate as a high-affinity synaptosomal uptake. It should be kept in
neurotransrmtter in the CNS. In vivo Ca-dependent mind that the uptake of noradrenaline and doparmne in
release of aspartate from striatum has been found (Paul- synaptic vesicles is relatively non-specific, which means
sen and Fonnum, 1989). Several pathways which could that noradrenaline and dopamine are taken up into the
use aspartate instead of glutamate have been discussed same vesicle population (Slotkin et at., 1978).
(Fonnum. 1984). This raises the question that in vivo
and also in slices it is possible that an exchange and
interconversion between glueLmate and aspartate may Acknowledgements
occur dunng the release expekntents (Fonnum. 1991).
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